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SUMMARY

This contract was awarded to evaluate several emerging NDE QNon-Destructive
Evaluation) processes and compare them with conventional ultrasonics and FPI
(fluorescent penetrant inspection). TheAlnecimens evaluated were HIP (Hot
Isostatically Pressed) powder Rene' 95(Rhoy like that used in the high pressure
turbine of the T700 Aircraft Gas Turbine engine.

The evaluation of NDE processes for this contract revealed:

o The prime method for evaluating cracks or similar defects open to the
surface is an advanced method of FPI. This process requires an acid
etch followed by an ultra high sensitivity penetrant, hydrophilic remover
and non-aqueous developer.

0 An advanced technique of conventional ultrasonics was evaluated which in-
creased ability to receive signals from small defects. However, a re-
liable evaluation of defect size and location is difficult at this time. For
some scans, false indications exceeded those from known defects. Sensi-
tivity to small size defects appeared to be erratic.

o One of the new processes evaluated makes use of the intensity mode ul-
traso,md using special equipment and some important modifications in
ultrasonic techniques. Increased sensitivity or ability to find small defects
has been demonstrated and the visual display that was employed contributes
to ease and reliability of the inspection process. This NDE method
appears to be the only one that offers improvement over conventional ul-
trasonics and can be ready for production NDE after some equipment
modification and appropriate calibration effort.

o Two new processes are very promising but require more development
prior to the calibration phase. Both promise improvements in detecta-
bility, ease of interpretation and low costs. Additional development is
recommended to bring these processes into production reality. The two
NDE methods are Acoustical Holography and Compton Scattering Evalua-
tion.

o Two other new processes demonstrated limited applications to aircraft
engines and no application to rotating turbine hard'ryare. Some special
applications were identified but were of peripheral interest to this con-
tractual effort. These two NDE methods are Radiographic Tomography
and Neutron Radiography.

(1) See Appendix I
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With regard to the needs of NDE of HIP T700 hardware:

o Non Metallic Inclusions - The most promising solution to NDE of non-
metallic particle is the use of intensity mode, coherent pulse, coherent
transmit Holosonic equipment ultrasound. Much work is necessary to
calibrate equipment and perform parallel inspection with conventional
ultrasonics before this improved NDE can be ready for production.

o Cracks & Surface Defects - The improved FPI method described above
appears to be superior to any other NDE method. For all methods
evaluated, even when crack locations were known, the only process re-
vealing entire cracked areas was the improved FPI method. Parts of
various cracks were missed with all other methods. If crack inspection
were assigned to this FPI method some shear sweeps of ultrasonic test-
ing, now justified primarily for cracks, could be eliminated.

o Porosity - Indications of porosity from sample Pl (2) were obtained with
conventional ultrasonics and intensity mode modified ultrasonics using
Holosonic equipment. However the number of indications were so num-
erous as to be confused with background or structure. No method has
been established better than the current thermally induced porosity test,
TIP(l) and density measuring method. One could project that the Com-
pton Scattering Method has the sensitivity for accurately measuring den-
sity. however, this work needs development and would not be available
for two or more years.

The work performed under this contract indicates the need for:

o A calibration effort, appropriate fixturing and software effort to convert
intensity mode, coherent pulse, coherent transmit ultrasound, (Holo-
sonics, Inc. equipment) to production inspection capability.

o A development effort with aoustioal holography NDE to slh't someof the
software problems associated with turbine hardware and defect size
being evaluated in the non rectilinear shapes. This process is probably
two years behind the intensity mode described above.

- o A development effort to explore the problems of reiably inspecting tur-

bine hardware by Compton Scattering Evaluation. More effort is needed
prior to the calibration phase.

Note that both of these last two processes offer the possibility of a very quick,
low cost, and reliable automatic inspection process. It may be desirable to
avoid the intermediate modified ultrasonic step and go directly to acoustical holo-
graphy.
(1) See Appendix I
(2) See Page 5
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FOREW ORD

In the manufacture of high performance gas turbine engines, like the General
Electric T700, it is normal practice to inspect all critical rotating parts by
radiographic or ultrasonic methods. The ultrasonic inspection technique is
currently used on most General Electric applications and, therefore, is curren-
tly applied to hot isostatically-pressed (HIP) parts under development (refer-

ence Contract No. DAAJ02-73-C-0106). (1)

The ultrasonic inspection technique represents the best current NDE (Non-
Destructive Evaluation) method in production for forgings, but there are ques-
tions as to its value in a HIP component. The technique is more applicable to
ingot casting defects, internal forging tears and center bursts that could be
present in forgings but are not present with the HIP process. With a HIP com-
ponent, no internal defects would be expected due to metal shearing because of
the hydrostatic nature of stresses imposed.

Since all powder passes through a 60 mesh screen during powder processing,
normal contaminants from the process (e. g. sprue erosion) would tend to be
below .010 inch in diameter, a size difficult to reliably inspect with ultrasonics.
Needle shaped defects could have one dimension much greater than .010 inch.
Work is in progress to evaluate the impact of such small particles on mechan-
ical properties. Also unintentional contamination can occur. An NDE process
program must be in place while the quality aspects of this new process are
being resolved. Later it will be used to monitor process quality to the stan-
dards being developed. (A more detailed analysis of possible HIP defects is
given later in this report).

There is another consideration with ultrasonic inspection that is reason for con-
cern. The high noise from the surface tends to hide responses from defects
near the surface. To circumvent this problem, ultrasonic envelopes are fre-
quently specified to permit gating out surface responses and later removing
this material by machining. This is an expensive solution to an NDE problem
especially with turbine alloys high in cost and difficult to machine. It is de-
sirable to develop an NDE process that will not require a "throw away" envelope.

The basic purpose of this contractural program was to evaluate several emerg-
ing NDE processes and determine relevance for HIP turbine components, es-
pecially for the T700 engine. These NDE processes were compared with con-
ventional ultrasonic and surface penetrant processes. It was anticipated that

a process would emerge that would be as good or better than ultrasonic tech-
niques currently used and not have some of its limitations when inspecting HIP
hardware.

(1) See Bibliography
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INTRODUCTION

The prime purpose of this contract was to evaluate some of the emerging or
improved NDE processes. The specimens used were all Rene' 95 material, a
turbine disk alloy prepared by the new HIP powder process. Improvcmcnts in
two factors of inspection technique are desirable; first to reliably detect small
defects to permit life extension of the advanced high strength alloys, and, se-
cond to be more cost effective.
HIP Powder Process

This basic NDE program is addressed to the emerging powder metallurgy
program in which a container is filled with high quality alloy powder, evacua-
ted and sealed. The container is then exposed to high temperatures and high
pressures (typically 2125°F at 15, 000 PSI pressure in argon) and sintered in
a manner that yields 100% density, the container shrinking as the powder sin-
ters. After appropriate heat treatment, the product has mechanical and phy-
sical properties very close to a forged disk. The nickel-base alloy used for
this contract is a high strength high temperature disk alloy, Rene' 95.

Since the process involves isostatic pressures at elevated temperatures, in-

ternal shear forces, during processing, are essentially non-existent. The
types of defects that could normally occur from the process are the following:

o Non Metallic Inclusions - This is probably the most significant defect
needing monitoring in the HIP process. The major source of non-
metallics are oxides which come from mold washers, sprue erosion,
ceramic container particles or unintentional shop dirt. Theoretically,
no defect larger Ul.an . 010 inch in diameter can occur since all powder
is passed through a 60 mesh screen during powder processing. How-
ever, an NDE process is necessary for larger particles until or un-
less it is proven that basic process control could eliminate accidental
occurence of such defects.
First, there is the necessity of establishing an applicable morphology

(size, shape and distribution) for non-metallic particles to permit a
proper NDE target. Such work is in process. There are some opin-
ions that reliable identification to . 010 inch would be useful. Current
capabilities of reliable inspection of defects are well above . 010 inch
in size. Reliable inspection of this size inclusion (if necessary) poses
a difficult NDE problem. So the current program includes an evaluation
of NDE capabilities to identify small non-metallic particles.

It may be necessary to establish powder cleaning procedures to elimin-
ate most of these oxides present in the powder process. But the ex-
peditious evaluation of this need requires better NDE processes thanare
represented by current production procedures.
(1) Appendix I
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o Porosity (or less than 100% density) - The major source of this type of
defect is equipment malfunction or, argon contamination from the atom-
izing process, Process control appears to be solution to the malfunction
problem. The processing of powders involve outgassing which should
eliminate occluded gases. These remaining gases could contribute to
small pockets of porosity which, if not agglomerated, would be of the
order of . 002 inch in diameter or smaller.

Porosity of this size tends to be outside the range of current NDE pro-
cess capabilities. Two process control devices are used to monitor this
possible malfunction. First, density measurements are made to insure
100% density to five significant figures hi weighing accuracy. Secondly,
a TIP (thermally induced porosity) test is run on each powder lot and on
each lot of parts. This involves exposing a compacted sample to tem-
peratures near the melting point. At these temperatures, any internal
argon gas has maximum pressure and alloy yield strength is at a mini-
mum. Thus, expansion of hole size of any internal porosity occurs. On
subsequent coolirg to room temperature, any porosity increase at tem-
perature results in a density decrease at room temperature, thus im-
proving accuracy of density evaluation for gas porosity.

Thus, for gas porosity there appears to be process control methods in
place that may be more powerful than existing NDE methods. Neverthe-
less, evaluation of void identification is a part of this contract.

o Cracks or surface defects - Such defects are primarily the result of im-
proper quenching techniques during heat treatment but also can occur by
improper cut off techniques.

Surface penetrant techniques are generally considered most applicable for
this type of defect. However, some inspection errors have been made es-
pecially when cracks present are so tight that penetrants do not go into
the defects of the specimen. In some instances, defects missed by pene-
trant methods have been found by ultrasonic testing and vice versa, This
program will involve a critical look at capabilities of various ND"
methods, penetrant and otherwise, to inspect for defects open to the sur-
face.

NDE METHODS OF INSPECTION

o Ultrasonic Inspection - This is the reference NDE method. Acoustical
holography, neutrc,. :adiography, and radiographic tomography were com-
pared with conventional ultrasonics.

Some experimental ultrasonic techniques were also used to assess future
ultrasonic capabilities.

;s i,
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0 Penetrant Inspection - Various penetrant inspecticn processes have been
used for years with good results. Difficulties have occurred primarily
with two extreme defect types: very tight cracks and very open defects.
A very tight crack may not be filled with penetrant and a very open crack
will sometimes have all penetrant washed out prior to development se-
quence of inspection. A variety of solutions are available and some of
the newer ones were cvaluated for this report.

0 Acoustical Holography - This process combines the ultrasonic inspection
process with holographic concepts to yield an imaging portrayal of the
object illuminated by ultrasound. A transducer is used to focus ultra-
sonic energy on the surface of the part. Sound is transmitted through the
part and signals are reflected back from defects and surfaces to the trans-
mitting transducer (pulse-echo technique). The transducer traverses the
object with the aid of appropriate scanners and bits of intelligence are re-
ceived and recorded from a series of discrete positions.

These bits of intelligence are in the form of a series of superimposed sine
waves differing from each other in intensity and phase. They appear as
Fourier type wave patterns. These information units are combined with
an ultrasound wave (single frequency) which results in an electronic in-
terference signal. These signals vary in intensity and phase shift with *1

time.

Upon completion of the scanning operation, the bits of intelligence are dis-
played on a cathode ray tube. This reconstructed image defines the part
and any defects reflecting the ultrasound energy. The part can be dis-
played as if viewed from various directions. A basic view similar to C-
scan in ultrasonic testing can be rotated to approximate the results of
a B-scan. In this manner, the exact location of defects can be readily
identified.

o Intensity Mode Ultrasonic Inspection Using Holosonic Equipment- The
Holosonic electronic equipment is capable of a modified ultrasonic in-
spection. The process, used for much of the Holosonic Inc. effort for
this report, was intensity mode ultrasonic inspection using pulse-echo
techniques similar to conventional ultrasonics. However, transducers with
broad band frequency response were used and driven (not resonated at
their resonate frequency) at the dtsired frequency using a coherent pulse.
The reflected signal was analyzed using a coherent transmit mode which
permitted analysis of phase shift as well as intensity. Whereas 5 MHz is
the effective frequency limit of most current conventional ultrasonic equip-
ment, this Holosonic inspection was performed at 5 to 11.2 MHz, a fre -
quency range that appears to offer some advantages in reduced wave
length and increased resolution.

3
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o Neutron Radiography - This is a process of producing a radiographic
image similar to conventional X-radiography. The difference lies in the )
energy source, a neutron emitter rather than X-ray emitter. The source
of neutrons for this work was Californium 252.

Several differences between neutron and X-ray radiography are described
briefly below:

0 Neutrons have different capture cross section than X-rays. Heavy
metals are effective in impeding X-rays but tend to be quite trans-
parent to neutrons. Light metals or atoms, Beryllium, Hydrogen,
Nitrogen and Oxygen as examples, tend to impede neutrons but have
little effect on X-rays.

o With X-rays, the X-rays themselves that pass through the object,
impinge and expose the film. The film is transparent to neutrons
but is exposed by neutrons passing through object and film, activat-
ing the film backing strip and exposing the film by reflected radia-
tion. The backing material is typically gadolinium.

o Generally, exposure times are longer with neutron radiography.

o Since radiation from the californium involves Y rays in addition to
neutrons, new and different shielding techniques are useful to pre-
vent film fogging.

o Compton Scattering Evaluation - This is a very new technique developed
within the last 12 months. The original IRT-Army contract was modified
to include a small effort of HIP'd Rene' 95 hardware. It involves the
measurement of the scattered radiation from a collimated X-ray beam
generated by a cobalt 69 source.

o Radiographic Tomography - This process involves an imaging technique
with conventional radiography similar to a steroscopic projection. A
stack of several X-ray films are used for this evaluation. A series of
exposures are made with different impinging angles of the X-ray source.
Then with the aid of reference dots on the film and a special trimming
device, the films are cut into discrete parallelograms. These trimmed
films are placed into a special cassette in front of a conventional viewer.
By manipulating the relative position of the film stack, using a special
device, it is possible to bring any part of the object into focus. There
are claims that unwanted portions of the part can be placed out of focus
and focus concentrated on the portion being evaluated so that the effective
clarity of picture is enhanced.

, 4



NON DESTRUCTIVE EVALUATION

GENERAL

The following HIP'd Rene' 95 samples were used in this evaluation:

o P 1 T700 turbine disk blank, see Figure 1 that was com-
pacted yielding low density due to an equipment mal-
function.

o D 1 & D 2 Two 6 inch diameter, 2 inch thick disks were com-
pacted with intentionally added oxides. These were to
be used to evaluate capabilities of identifying non-
metallic particles. Unfortunately numerous particles
were added making definitive analysis of a few defects
impractical. As indicated later in this report, other
samples were used for this preliminary calibration.

o Sl, S2 & S3 Three disks were made with hole patterns drilled to
form reference defects in various sizes, locations, and
orientations. These are presented in Figures 2, 3
and 4.

0 Cl & C2 Two cracked samples were used, one similar in shape
to Dl and one a rectangular block approximately 1 1/2X
3 1/2 X 11 1/4 inche, in size.

In addition, six turbine blanks like Figure 1, were used. Additional sam-
ples were introduced later in the program.

.!i

In the following sections, the results are given of non-destructive eval-
uation of the samples aescribed above using the various NDE methods.
It was the intent of the program to develop satisfactory procedures with
these intentionally defected samples and apply the processes to the six
HIP T700 disks. Comparative evaluation was planned for all processes. :
Early effort demonstrated that, after initial evaluation, some processes
did not warrant further effort and so evaluation was discontinued.

]5
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Figure 1: Basic Dimensions Of HIP'd Rene' 95 Disk Used For

NDE Samples.
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Figure 2: Map Of Hole Pattern Of Drilled Holes (. 020 inch)

In Sample S-lo
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Hole # Depth In X (Mils) Y (Mls) Q

1 .500 - 579 0
2 .500 1012 - 30

3 .500 - 491 60

4 .400 1083 - 90

5 .500 - 400 120

6 .300 1100 - 150
7 .500 - 310 180

8 .200 - - 210

9 .500/.300* - 202 240

10 .100 1115 - 270
11 .500/.100 110 300
12 ,600 1115 - 330

* 2 Holes

Figure 3: Description Of S 2 Sample Having A Series Of Top
Drilled And Side Drilled Holes.
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CONVENTIONAL ULTRASONICS AND IMIPROVED TECHNIQUES

The ultrasonic testing described bclo\v was to be used as a comparison standard

for all the new NDE processes.

The same ultrasonic technique that is specified for the T700 program was used to

evaluate these samples. The technique is described in the G.E. specification

P3TFl . (1) The gain setting was a(Ijusted tx) give a i0% full scope

indication from a .020 inch side drilled hole. Any single point indication above

40% was considered rejectable. Any indication at 30% and 1/2 inch long was con-

sidered rejectable.

Results

The DI and D2 samples were examined but found to have too many indications to

make plotting practical. It was the original intent of this test to have a discrete

number of oxides added to make D1 and D2 samples. Thus the evaluation of

sensitivity of this process to these small defect sizes was not possible with the

sample,, prepared.

The Cl and C2 cracked samples were examined using the standard procedure

which gated out on 1/8 inch of the surface, the region known as tne ultrasonic en-

velope. Several segments of the known crack were missed. By inspecting with

a nonstandard shear wave technique without the gate, most of the crack was re-

vealed. This inspection included the normal four shear scans, two circumferen-

tial tilt, clockwise and counter clockwise, and two axial tilt. Portions of the

cracks were still missed indicating the need to have near perpendicular orienta-

tion of the shear wave to the crack in order to be effective. Another non-standard

longitudinal scan revealed portions of the crack extended as far as 3/8 inch below

the surface but still some portions were missed with the initial inspection scans.
,. Considering the fact that crack locations were known and could be seen visually,

little confidence can be placed on ultrasonics to identify such defects.

S1, S2 and S3 - There was no difficulty in identifying all . 020 inch drilled holes

in Si and S2. The S3 disk had holes varying from . 007 to .030 inch in diameter.
Not all . 007 inch holes were revealed by conventional ultrasonics.

IIIGII GAIN ULTRASONICS

General Electric has been pursuing various approaches to high gain ultrasonics

for the last few years. This has included work to standardize transducer re-

sponse and electronic response of the ultrasonic equipment. Electronic modifi-

cations and additions have been employed to get high fidelity signal response.

(1) Appendix II I
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Previous attempts to use higher gain have been thwarted by high "noise" which
is really a mixture of electronic malfunction and unintelligible signals. To im-
prove interpretation, effort has been made to perfect computer processing of
signal response which ignoresconfusing signals and concentrates on prime sig-
nal response which is then displayed with devices that are more readily inter-
preted. One such display is called 'High Resolution Gray Scale Recording" and
is described below.

The S3 sample was intensively evaluated using this process to examine some of
its merits and to compare results with some of the new NDE processes. It is
noteworthy that the scanning development with computer analysis and visual dis-
play is effort that is applicable to other emerging processes such as Acoustical
Holography and Compton Scattering Analysis.

Gray Scale Record-__glxoess Deauw-i.n .

These gray scale recordings used to evaluate S3 contain information directly
related to the peak echo amplitude of each pulse received from the bulk material
of the disk. The peak amplitude is recorded as 15 levels of gray tone, typically
with black representing very low echo amplitudes (5% of full CRT) and white
very high echo amplitudes (95% of full CRT) with the grays linearly spread be- 4
tween. Each data point is laid down exactly at the position the ultrasound beam
entered the disk surface when the echo was received. The projected view of all
the data contains the observed surface area of the scan (known as a C-scan) for
two dimensions, plus the amplitude gray levels. Depth position of the echo, the
third dimension,is not recorded. Normally the depth (time) gate-window is set
to include the material just behind the front surface to just ahead of the back
surface, excluding front and back-surface reflection echoer.. Where depth in-
formation is also desired, the depth gate window is narrowed to a convenient
thickness of material, i. e.,, 1/8 to 1/4 in. so that only ech.oes occurring from
one layer are recorded.A series of scans and recordings ,overing the total
sequence of layers from front to back provides the full set of data.

Full-depth gated, and section -urlayer-gated C-scans w(vre both used in eval-
uating conventional ultrasonic detectability of the holes 'n S3. By this means a
set of data was produced which could be directly compa 'ed with Holosonics in-
tensity mode and acoustical holographic mode results.

The output of the ultrasonic instrument is fed into a 1."t generator which con-
verts the major amplitude of the signal to a gray sca-e tone. Dry facsimile
paper having the inheient capacity to produce a maximum of 15 shades of gray

using a dot-tone format provides the image record. The paper is essentially
a black base coated with a white overlay. The overlay is burned away by an
electric current upwards of 250 volts. Because the "blackness" of each

ll11

4



burned spot is constant, only the length, and width of the (lot varies to produce
the impression of grayness. "Gray" as seen by the eye is the percent of black
area against a white background over a specific area of interest, As the per-
cent of black area increases, the percent of white area decreases, giving 15
shades from essetitially pure white to pure black.

A pracical gray scale computer module (analog) and writing driver system was
designed and fabricated at GE/A EG in the E'vendale lab for application in com-
posite blade and metal disk inspection prograins over the past three years. One
of these samc systems w, used in the S3 disk inspections. Practical time and
cost con,.iderations dichated that a . 020 inch line-to-line spacing (scanning in-
dex) i,, the recordings he used, a common spacing known to sacrifice very little
in image gray-tonc quality or data content. line-to-lhie spacing ranges from
.005 to . 030 inch for maximum to minimum image fidelity.

ispec jon Plan

Ultrasonic mspction of engine disks is controlled in general by GE/,AlG Speci-
fication P3TFl as d.o scvibcd in the preceding soction. T'1c inspectionof S3 disk

was conducted within this specification. The inspection plan was established to
first accomplish !)3'T". calibrations and scans on S3 which would be typical of
production inspection conditions using the . 020 inch index for purposes of gray
scale recording° A typical full-depth time gate window was used.

Second, the ultrasonic instrument receiver gain was increased by 12db (4X vol-
tagc ratio) for longitudinal mode bcans and 6db (2X voltage ratio) for shear
mode scans. Io these eases instrument gain was near imaL-ximum. Again, a
typical full-depth time gate window was used.

Third, the section-gate technique was applied. When depth-section scanning is
used, the ultr.asonic instrument gain setting can be adjusted to the calibration
value for that depth, tacreby olfering the best relationship between recorded

* echo amplitude and defect size, Also, the series of adjacent hycr scans gener-
ally give equal tones for equal defect size, regardless of depth, To effect the
most capability out of conventional ultrasonic inspection, in this comparison
effort with the flolosonics' capabilities (in terms of drilled-hole detection), the
ultrasonic histrument gain was maximized. This was done by using maximum
instrument gain for the near-front-surface and deepest layers, with lowered
gains for the between lavers, while keeping grain structure and front-surface
iinging noise to no g'eater than 20% o1 full CRT amplitude°

(I) Appendix ii
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Disk S3 was placed on the turntable with the axially drilled holes entering from

the lower surface, Figure 5. Observed from above, the hole posiions appeared

as in Figure 6. The 52 actual scans accomplished are listed in Table I, grouped

according to the three scan groups described above. Scan numbers represent

the chronological order in which the scans were produced, and identify the in-

dividual scan gray-scale recordings.
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Part attitude with respect to V/S beam all inspections made on this
surface.

4 A

H o le A 0 _
Locations

Inspections

Figure 5. Sketch of S3 Showing Typical Hole Location. Note that holes
in X and Y were considered Too Shallow to detect without
special setups.
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TABLE 1

SCAN FACING CALIBRATION TIME GATE

NO. MODE DIRECTION GAIN WINDOW

FIRST*

I Longitudinal Top Normal 170 P3TF Full Depth

3 Circum. Shear Top CW 190 450 P3TF1 Full Depth

4 Circum, Shear Top CCW 190 450 P3TFl Full Depth

7 Radial Shear Top In 190 450 P3TF1 Full Depth

9 Radial Shear Top Out 190 450 P3TFl Full Depth

11 Longitudinal 0. D, Normal 200 P3TFl .125 to 1. 5

15 Circum. Shear O.D. CW 190 450 P3TF1 .125 to 1.5

13 Circum. Shear 0, D CCW 190 450 P3TFl .125 to 1.5

SECOND

2 Longitudinal Top Normal 680 P3TF+12db** Full Depth

6 Circum. Shear Top CV 190 900 P3TF1+6db Full Depth

5 Circum. Shear Top CCW 190 900 P3TFI+6db Full Depth

8 Radial Shear Top in 190 900 P3TFI+6db Full Depth

10 Radial Shear Top Out 190 900 P3TFI+6db Full Depth

12 Longitudinal 0. D, Normal 800 P3TFI+12db .125 to 1.5

_16 Circum Shear 0. D. CW 19°  900 P3TFI+6db .125 to 1.i5

14 Circum. Shear O.D. CCW 19 900 P3TFl+6db .125 to 1.5

THIRD

34 Longitudinal Top Normal 420 P3TFI+8.9db .25 to .50

35 Longitudinal Top Normal 900 P3TFI+15.5 .50 to .75

36 Longitudinal Top Normal 1000 P3TFI+15.9 .75 to 1. 00

37 Longitudinal Top Normal 1000 P3TFI+15.4 1.00 to J.25

43 Circum. Shear Top CW 190 920 P3TFI+12db 0 to .25

44 Circum. Shear Top CW 190 920 P3TFl+12db .25 to .50

45 Circum. Shear Top CW 190 1000 P3TFI+10. 7db .50 to .75

36 Circum. Shear Top CW 19' 1000 P3TFI+7db .75 to 1.00

47 Circum. Shear Top CW 190 1000 P3TFI+7db 1.00 to 1.25

38 Circum. Shear Top CCW 190 920 P3TFl+12db 0 to .25

39 Circum. Shear Top CCW 190 920 P3TFI+12db .25 to . 50

40 Circum. Shear Top CC 190 1000 P3TFl+10.7db .50 to .75

41 Circum, Shear Top CC-W 190 1000 P3TF1+7db .75 to 1o00
42 Circum. Shear Top CCW 190 1000 P3TFI+7db 1.00 to 1.25

16
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TABLE I (Cont.)

SCAN FACING CALIBRATION TIME GATE
NO. MODE DIRECTION GAIN WINDOW

48 Radial Shear Top Out 190 920 P3TF1+12db 0 to . 25
49 Radial Shear Top Out 190 920 P3TF1+12db .25 to . 50
50 Radial Shear Top Out 190 1000 P3TF+10. 7db .50 to .75
51 Radial Shear Top Out 190 1000 P3TFI+7db .75 to 1.00
52 Radial Shear . Top Out 190 1000 P3TFl+7db 1. 00 to 1. 25

23 Longitudinal 0. D. Normal 560 P3TFl+l2db .25 to .50
24 Longitudinal 0. D. Normal 750 P3TFl+14db .50 to .75
25 Longitudinal 0. D. Normal 1000 P3TFI+16.5db .75 to 1. 00
26 Longitudinal 0. D. Normal 1000 P3TF1+15.4db 1. 00 to 1.25

27 Longitudinal 0. D. Normal 1000 P3TFI+14db 1.25 to 1.50

17 Circum. Shear 0. D. CW 190 920 P3TF1+12db 0 to . 25
18 Circun. Shear 0. D. CW 190 920 P3TF+12db .25 to .50
19 Circum. Shear O.D. CW 190 1000 P3TF+10.7db .50 to .75
20 Circum. Shear 0. D. CW 190 1000 P3TF1+7db .75 to 1.00
21 Circum. Shear O.D. CW 190 1000 P3TF1+7db 1. 25 to 1.50

28 Circum. Shear O.D. CCW 190 920 P3TFI+12db 0 to. 25
29 Circum. Shear 0. D. CCW 190 920 P3TFl+12db .25 to . 50

30 Circum. Shear O.D. CCW 190 1000 P3TF1+10.7db .50 to .75
31 Circum. Shear O.D. CCW 190 1000 P3TFI+7db .75 to 1.00
32 Circum. Shear 0. D. CCW 190 1000 P3TFI+7db 1. 00 to 1. 25
33 Circum. Shear O.D. CCW 190 1000 P3TF1_2.6db 1. 25 to 1.50

These scans are typical P3TF1 procedures.

** Production reliability has not yet been established for this process.
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Equipment

The following equipment was used to produce the conventional ultrasonic pulse-

echo data:

MANIPUIATOR-TANK SYSTEM:

Automation Industries

4' X 6" X 3' Tank

US640 Bridge (X & Y)
US740 Vertical (Z) Axis and Gimbal
US942 oar /Drum- Recorder q-nd Tujrntable

ULTRASONIC INSTRUMENT:

Automation Industries

UM721 Reflectoscope S/N 3163-8
ION Pulser-Receiver
E550 Transigate

Transducer 57A4705 S11 - 3/4" dia

15 MIhz S/N 21452, Approximately 7 inch focal length in water

RECORDING SYSTEM:

GE/AEG Gray Scale Computer Module
Bogen MT60 Booster Amplifier
Wavetek Model 130 Function Generator
Fitchburg Timeface NDR Facsimile Paper

Calibration

Calibration was performed according to Specification P3TFl in order to relate
all scan data to production inspection instrument gain levels. The standard
calibration block No. XNB of Inconel 718 was used for this purpose. Calibration
Sheets Figure 7 and 8 are included. Additional reference data were obtained
from a cylinder of Rene' 95 PM material as follows:

18
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% CALIBRATION DATA

DV 240-A
Euipment Description:

Chassis S/N Pulser S/N Transd. S/N Gate S/N Clib Blk. S/N Lie Dt IyP/t
& Material Check Date Dat

alibration Conditions:

_eltyRang 1  Water Frequency Scan.in(, Gain Mat'l. Calibratio Pelay CourseDela
Setting Path Settings Setting [ Settino | Setting Settinn

T.C.G. Information: General Information:

Setting Setting Setting Calibration Date Inspector TimeI I-- - 5-

C tLIBRATION

.125 .250 .375 .500 .625 .750 1.875 1.00 1.250

LONGITUDINAL L-20 '.5 2.( O Z'0 .A 0 ".bO .10o

recheck

• .,_SHEAR

recheck

ABLE
recheck

1.50 1.750 2.00 2.125 2.250 2 .7512-500 2.750 2.875

LONGITUDINAL "5SO0
recheck

SHEAR
' recheck

ABLE
recheck " .

Percent Merge of .125" longitudinal 0 scanning gain level

Problems: (Mach. Malfunction, Part Non-Conformance, etc.)

List changes in equipt: (Pulser, Receiver, Scope, Gate, Transducer, etc.)

Note: Any changes in
equipment requires
a new calibration
sheet

-- Reason for change:

Figure 7
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1 1 ~~4w 4 L-
Al Iil JN AT

DV 2410-A-

E %tx eflt Desciption:

- sN Linearity P/Chaissis SIN Pulier S'N ra-.S,'N SIN Calit). 131k. SI hc aeDt
313-S:i- $ X/ ||'}i/3 -

Calibration Cowlit i..:

DelayRafltj Waj i 'tii i .C i it oi !elay CourseDelay
Sottin( Pattii 'i !___, S llili S t

T.C.G. Infolent ion: 10i11 i liiltit O~t:
Ia.

De lay N.----ey t in.i 11 I Cal lral lon Date Inspector Time

a ieil -ri.

4, CGALIDR.A liON -

1..25 Z .37';,.mr .625 .750 .873 1.00 1.250

LONGITU INAL 3 ZO To I u 11 O So NO ISo I?0
r(che¢ .....

SIIEA I -" 230 25O 2.10 230 230 7?A0 330 '15D '.: Y
0

rocheck i 1___
rex-hecl,

I . 50 1.750 i 100 2.15 2.250 2.375 2.500 2.750 2.875

LONGirmwIAl,-'
1 OjIr~I,, O -. t---" -TI ---- --- -'

SHEAR 17IQ1-
r,(he( 1, I

_'he , -- _- --

Percent Mer q of . 12 i'o' (1,11k tllv oIt] (1 it 'i I 11 I

-" -Problems: (Mach. 11,0! lit t ton, P~in N:--(otti o1oi tRot elc.)

Lsth t, S, opt Gate, Transducer, etc.)
Note: Any cnnines in I

eqlu Ijipment oq'u it

a "ow Cal lbi.lt i

Reason for chaige:

I- Igure
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LONGITUDINAL:

Hole Gain Amplitude Water Path
1 /411 230 80% 4.375"
i" 230 80% 4.375"

SHEAR:

Hole Gain Amplitude Water Path

1/4" 350 80% 4.375"

Results

The complete set of 52 gray-scale C-scans were reviewed and hole numbers en-
tered on them where echo images appeared. This information was then trans-
ferred to Figure 9 as a summary of individual hole detectability by the longitud-
inal mode and the shear mode with its four facing directions. Full depth gated
and section level gated echo occurrences were presented together in Figure 9 to
express the value of retaining the third dimension information.

Scan No. 6 revealed all holes although No. 28 was weak. The next largest num-
ber of indications (29) on one single scan record occurred in Scan No. 5, cir-
cumferential shear, facing counterclockwise, P3TFl calibration plus 6db (2X
voltage) increased sensitivity, full-depth gated. Maximum possible is 30 with
hole no. 28 as the only one not detected in this scan. Similar success was ob-

tained in Scan No. 4 (28 indications), No. 10 (28 indications), No. 9 (27 indica-
tions), No. 47 (27 indications), and No. 42 (26 indications) all in the shear mode.

A typical C-scan is shown in Figure 10. A typical B-scan is shown in Figure 11.
The biggest problem areas are associated with interpretation. For example, a
given size defect appears to vary widely in size by the indications in the views of
Figure 12. Figure 13, shows two shear scans, one clockwise and one counter-
clockwise. Note the relative positions of 3 and 8. If depth were known, the de-
fect location could be depicted graphically, but it is not too accurate. Clear
and concise presentation of location does not exist. Figure 14 is a similar dis-
tortion illustrated by the shear angle rotated 900. Then finally, false indications
are sometimes greater than indications from known defects as illustrated in

* Figure 15.

Even with this advanced method of ultrasonic inspection, the major problems
are interpretation and reliable identification of all defects. This problem is
discussed in the NDE comparison section.
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Figure 10. The C-scan Ntunber Two. The Circled Numbers Refer to Indications
From Numbered Holes in S3 Sample.
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Figure 13. Scans of S3 - Note Relative Shift of #3 and #8.

Figure 14. Scan of S3- Note #3 and #8 Compared to Figure 13~.
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EVALUATION OF FPI SYSlMS ON AS-HIP' D RENE' 95

Purpose

This section and accompanying photos represents the investigation conducted to
assess various fluorescent penetrant inspection (FPI) systems sensitivity in
detecting quench cracks in AS-HIP Rene' 95 material. Since fluorescent pene-
trant inspection is a relatively conventional type of NDT tool and thereby readi-
ly available in AEG, the investigation/experiments were embarked upon with
the objective of building upon years of application to optimize the sensitvit of
a fluorescent penetrant type of surface inspection.

Description Of Process Approaches

A block of Renet 95, 2" X 6" in diameter, containing an extremely tight quench
crack across the entire face of the block was methodically subjected to various
FPI systems in the unetched and etched conditions. In each case, the impact
oi, crack sensitivity was assessed by comparing penetrants, emulsifiers/re-
movers and developers. While this study is based on one defective specimen,
the nature ot the defect permitted dramatic comparisons of the sensitivities of
FPI systems. The degree of sensitivity between the least sensitive to optimum
senSitivity raLged from no visibility whatsoever of the crack to complete and
extremely brilliant representation of the crack.

The reference in:pection penetrant processes are considered the best produc-
tion approaches and involve pre-etching the sample, using conventional P41
penetrant. E41 hydrophilic remover and either aqueous ZP4A or non aqueous
developer. The subsequent comparison program evaluated effects of the
following variablo s.

o Unetched vs etched sample preparation
o Conventional P41 penetrant vs high penetrating fluids ZL22A or AL30A.(1)
o Conventional ZE4A emulsifier vs E41 hydrophilic remover

o Aqueous AP4A vs non-aqueous developer (NAWD)

Results and Conclusions

The results of this FPI study are presented in Tables II, M and IV and shown
pictorially in Figures 16-29. The crack involved could be seen by the unaided
eye but it was very tight and so was not delineated completely by ultrasonic in-
spectio4 using either cenventional or advanced methods. With
the advanced solutions used the crack was clearly delineated giving credene to
the contention that surface defects can best be inspected with advanced FPI
methods. One surface technique that was not used in this comparison was eddy
current testing.
(1) The solutions used in this report represented classes of inspection solutions

whioh probably have several equivalents. See appendix 11 .
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This process may prove competitive but it still suffers from the need to consider
defect orientation. The following conclusion were obtained from this data;

1. Present day fluorescent penetrant inspection with modifications can be an
effective surface inspection for Rene' 95.

2. It has been previously established and here substantiated that etching prior
to FPI yields a large improvement in crack detection. See direct com-
parisons.

Figure 18 vs Figure 24
Figure 19 vs Figure 25
Figure 20 vs Figure 26
Figure 21 vs Figure 27
Figure 22 vs Figure 28
Figure 23 vs Figure 29

3. Non-aqueous wet developers improved sensitivity when compared to dry
developers. This was evident for all penetrants used in both the etched
and unetched conditions.

See direct comparisons.

Figure 16 vs Figure 17
Figure 18 vs Figure 19
Figure 20 vs Figure 21
Figure 22 vs Figure 23
Figure 24 vs Figure 25
Figure 26 vs Figure 27
Figure 28 vs Figure 29

4. The improvement in sensitivity achieved with NAWD was not as great as
that realized as a result of etching.

5. The hydrophilic FPI system was slightly better than an FPI system com-
prised of a high sensitivity penetrant and post emulsification when com-
pared in the unetched condition.

See direct comparisons.
Figure 22 vs Figure 20

IFigure 23 vs Figure 21
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6. The hydrophilic system in etched conditions is far superior to a post emul-
sification system. Indications/cracks appear bright and distinct, due to
the absence of background fluorescence commonly associated with post
emulsification systems on etched surfaces.

See direct comparisons.
Figure 28 vs Figure 26
Figure 29 vs Figure 27

7. The optimum fluorescent penetrant inspection observed in this evaluation
was comprised of a high sensitivity penetrant, hydrophilic remover and a
non-aqueous wet developer applied to an etched surface.

NOTE: Refer to the attached tables and figures which support the con-
clusions listed above.

Comparison of FPI With Ultrasonic Inspection Of Cracked Disks

In the conventional ultrasonic inspection and associated FPI of two disk samples,
Block 22 and C1 (the latter disk is a part of this program) rather deep cracks
were missed. See Table Ill. After removal of .035-. 300 inch from these disks,
cracks were noted visually. This started a series of ultrasonic and FPI in-
vestigations summarized in Tables II, M and IV.

The FPI evaluation (Table II was covered in the preceding section. The initial
and final ultrasonic evaluations are summarized in Tables III and IV. Several
facets of this program are significant:

o Significant cracks were missed by normal high quality FPI and ultrasonic
inspection on a 63 microinch surface. (1 in Table I).

o Initial reinspection did not indicate that cracks were deep. (I in Table IV).
o Using GE's "best" FPI method, cracks were readily detectable. See

Figure 2 and 3.-
o Cracks could not be identified by ultrasonic inspection if 0.125 inch of

the surface was gated out. (1 in Table III).
o After several modifications of ultrasonic techniques, e.g. use of surface

wave, the complete crack was identified but not with a strong indication.
Also, true depth of cracks were not observed with ultrasonic techniques,
Noise contributed to loss in resolution.
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One may conclude Irom this and the puiecccRig Ii study tlht reliable surface

inspection is better accomplished with proper l,'PI techniques rather than relying
! oil special ultr-asonic inspection -methods. It is believed that, because of the

nature of crack formation and tho results of the FPI'1 study, an etching technique

and FPlI would have resulted in a successful initial crack detection of the disks

involved in this study.

t
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IIOLOSONICS INC. NDE EFFORT

ihe purposu of this project was to evaluate HIP Rene' 95 Ta.rbine Hardware using
the Ilolosonics System 200 Scanned Acoustical Holographic System. This equip
ment is capable of three major modes of operation: Intensity Mode with Coherent
Pulse (similar t(, conventional ultrasonics but with certain equipment differences as
noted in Table V), Intensity mode with Coherent Pulse and Coherent Transmit
(same as above but with a transmit mode that records intensity as with conven-
tional ultrasound but also phase shift), and full Acoustical Holography, a process

using ultrasound to illuminate a sample for holographic analysis. Other special
modes such as "3D" are used to better define i. irt geometry.

The acoustical holography has the greatest potential sensitivity but it also

requires the most comi)lex softwace to analyze data and convert to a visual
prosentation. Therefore, the initial work was done using intensity mode,

coherent transmit which, for the samples evaluated in this program, appeared tu
be sufficient to anajyze for defects present. As a consequence of this early
success, Ilolosonics Inc. performed a very limited analysis of acoustical

holography as discussed later.

INTENSITY MODE HOLOSONIC EFFORT

Description Of The Process

The Hlolosonic equipment used in the intensity mode closely approximates conven
tional ultrasound in many respects. A signal generator drives a transducer
whose energy impinges on the sample, usually through a water couple. The

reflected energy is received by the same transducer (pulse-echo technique) or a[different transducer and thie signal is processed into a form for subsequent
display. With the Holosonic system, this display method is usually a cathode ray
tube -nd the display is some part outline plus signals from any defects present.
Note the similarity to c ;aventional ultrasound except for the display mechanism.
Some important differences are noted below and summarized in Table V.

First, with the conventional ultrasound, narrow band transducers (those whose
frequency rcsponse curv:es peak sharply with small frequency spread) are used by
"ringing" them at their resonant frequency. These transducers cannot operate

efficietly outside of their resonant value. The Holosonic system usually uses
broad band tiansducers and drive them at a frequency that is best for the applica-
tion involved. The use of a broad band transducer makes possible a selection of
an operating frequency well removed from the frequency that tends to amplify
"background" and interfere. Those signals from grain boundaries or other

structural aspects of tie base material are usually called "background".
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TABLE V

COMPARISON OF CONVENTIONAL ULTRASONICS WITH INTENSITY
MODE HOLOSONIC ULTRASONIC INSPECTION

Conventional Holo sonic

Transducers o Relatively Narrow Band o Relatively Broad Band
o Ring at resonant frequency o Driven at desired frequency
o Pulse-short, peaking at o Pulse relatively long-typically

a narrow frequency band 10-15 beats all at same
that pulse beats at varying frequency and amplitude
amplitude. (coherent).

Energy o Limited by area under o Estimated at 6-8 times
peaking pulse, energy of conventional system.

Surface
Reaction o High surface response . Good inspectibility at least

tends to hide defects near .030 below surface (within
surface. Good inspection normal machining allowance).
capability . 100--. 125 below
surface.

Frequency o Max. about 5 MHz. o Capabilities 5-1.2 MHz.
o Rung at resonant fre- o Can choose f-'equency so

quency of transducer difference between defect
used, response and response from

grain boundaries or metal-
lurgical structure is maxi -
mized,

o Resolution limited by o With higher frequency, greater
5MHz frequency, resolution is possible because

of short wave length.
Interpretation
of Data o Scope blip observatiun o Visual presentation of disk

of interpreting tape or outline with any defects
graph readouts. C- show. Display can be rotat-
scan and B-scan are ed electronically to pin-point
separate readouts, location of defects.

o Defect size and location o Defect location easily noted.
difficult to interpret. Defect size evaluation appears

to be improved but more work
is needed.
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Description of the Process (Continued)

The Holosonic signal generator gives off a square wave signal with a series of
cycles all having the same amplitude. The number of cycles per signal pulse
can be preset. The electronic control efficiently chops the rise and decay por-
tion of the pulse leaving only the preset number of cycles - hence the term
coherent pulse. With conventional ultrasound the ringing of the transducer
yields a pulse with a sharp rise followed almost immediately by a sharp decay
with a large amplitude variation per cycle and some frequency variation with
time. The use of the coherent pulse permits a much larger energy input to the
sample and yields a reflected signal that can be analyzed in both intensity and
phase shift (coherent transmit). Thus more information is available to assess
the meaning of the reflected signal.

Yet another difference lies in the available choices of operating frequency. The
approximate limit with current ultrasonic equipment is 5MHz. The Holosonic
equipment used for this contract was operated in the range of 5 to 11.2 MHz.
With higher frequencies there are shorter wave lengths and the wave length is
the factor governing resolution. Maximum resolution is approximately equal to
the wave length of the signal used.

With conventional ultrasound, the ringing of the transducer yields a surface
signal of intensity and base width that fogs any other signals in the first layer of
material. This layer is in the range of. 060 to. 120 inch depending upon the
technique used. The coherent pulse of the Holosonic equipment appears to reduce
this interference region to less than. 030 inch which is probably less than any
anticipated machining allowance for years to come. The capability of inspect-
ing near the surface could eliminate the cost adders associated with the "ultra-
sonic envelope" now used.

The use of shear wave techniques with conventional ultrasound can give beneficial
results for two reasons. First, the impingement of the signal on plate-like
defects (e.g. cracks) results in maximum response when the sequence is normal
(perpendicular) to the plane of the defect. The response falls off sharply with
angular variation to this normal orientation. Secondly, the shear wave propa--
gation in the metal tends to yield an effective propagation wave length of half
that from a beam normal to the surface. Thus a shear wave at 5MHz is propa-
gating somewhat like a 10MHz signal. For the Rene' 95 powdered turbine parts,
plate-like defects are not anticipated except for surface cracks. If we relegate
the surface crack inspection to othei processes, the only value of a shear wave
may be an effective change in wave length. With the Holosonic equipment capa-.
bility well within the 10MHz value, it is possible that shear wave analysis can be

Seliminated by use of the Holosonic system. This could sharply reduce the number
of scans required to inspect the part.
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Description of the Process (Continued)

Probably the most clear cut advantage and major difference of the Holosonic
equipment lies in the method of presenting the inspection results. The cathode
ray tube display will readily show shape and location of adefect and should
contribute to ease of operation and reliability.

The various methods of image display for the intensity mode Holosonic ultrasound
areillustrated in Figure 30. A C-scan involves the mapping of the top surface of
the sample by the interrogating transducer, usually positioned perpendicular to
the plane of the top surface. A B-scan uses a transducer perpendicular to the
C-scan orientation. A simulated B-scan makes use of a C-scan interrogating

transducer viewed in the B-scan direction with the aid of electronic processing
of the response signal prior to reaching the cathode ray display tube. A 3-D
scan uses a transducer in the C-scan position but makes use )f depth as well
as location measurements. The reflected signals are electronically processed to
yield a view on the display tube that can be rotated permitting observation of the
signal display from any chosen angle. Examples of the C-scan, simulated
B-scan and 3-D scan are shown in Figures 51, 32 & 33.

Experimental Results

Because of the variety of operational modes of the System 200, it was first
necessary to establish the appropriate parameters for inspection of the HIP disk
specimens. Evaluation of the appropriate transducer configuration and opera-
tional frequencies were first attempted. The HIP disk specimens appear to have
an extremely small grain structure acting as a very homogenous medium so that
attenuation due to scattering from grain boundaries or other structures within
the medium is minimal. Grain boundry scattering, which is a function of the
wave length X , is usually the determining attenuation factor in most metals,
however, in the HIP disk specimens the small grain size and homogenity of the
medium appears to allow operation at very high ultrasonic frequencies for these
inspections. High frequencies result in short wave lengths and hence better
resolution.

The original inspection work in samples S 2 and D 1 were carried out at a
frequency range between 5 and 7 MHz, however, higher frequency transducers
in a different configuration were constructed to allow inspection of some of the
later specimens at higher frequencies as well. In this original effort using S 2
and D 1 samples, intensity mode, coherent pulse, coherent transmit could
identify the fine particles in D 1 so most of the subsequent effort for this
contract was performed using these modes. See Table V.
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C-Scan

I: / iBSa

3-D Scan B-Scan

Internal Flaw

Figure 30: Schematic Drawing Of The System 200
Imaging Modes.

Figure 31: Plan View Or C-Scan Of Figure 32: Electronic Section Or B-
Selected Region Of Specimen D-1. Scan View Of Selected Region Of
SR fnSpecimen D-1.
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Test Parameters for S-2 and D-1

Transducer: 5MHz Broad Band, 4 inch focal length x 1 inch diameter

and 7.5MHz Broad Band, 4 inch focal length x 3/4 inch diameter.

System Operating Frequency: 5 MHz, 7.5MHz and 6.22 MHz, coherent.

Transmit Mode: Coherent and Pulsed.

Direction Mode: Intensity

Image Presentation Mode: Plan View, Section View and 3-D Isometric Projection

Hard Copy Documentation: Polaroid Type 107 Film.

The S-2 sample is a simple disk with top-drilled and side-drilled holes. 020 inch
in diameter. All holes were identified using intensity mode Holosonic ultrasound
as indicated in Figures 36-39, A picture of the sample is shown in Figure 35
with a plan of the hole locations indicated. The plan view, with the back surface
inoluded to outline the quadrants, is shown in Figure 36. The same views with
the back surface (and the front surface) gated out is shown in Figure 37, In
Figure 38 is shown the quadrant IU in plan view and simulated B-scan. Note that
the side-drilled hole is well delineated in both location and shape. However,
the end drilled holes, whose axes are parallel to the interrogating beam, is well
delineated in the C-scan view (top). The simulated B-scan uses C-scan data
and reprocesses it to yield a view perpendicular to the interrogating beam.
This view reveals the indication denoting the bottom of the top drilled holes, but
not the shape of the hole. This same response occurs in the 3-D views as shown
in Figure 39. In all views, the data was collected by a typical C-scan in which
the side walls of the top drilled holes are parallel to the interrogating beam.

* Hence, the signal fails to delineate the shape on the long axis of the holes,
perpendicular to the top surface.

During the examination of resolution standard S-2 at 5 MHz and 7.5 MHz, it was
determined that the difference between flat bottomed and non-flat bottomed drill
holes was insignificant with regard to system sensitivity levels and gain settings.
This is significant because there is a wide difference in response between flat
and round bottom holes using conventional ultrasound.

It was also determined, when making comparisons between samples S-2 and D-1,
that the drill holes in specimen S-2 DO NOT approximate the defect conditions
in specimen D-1. The drilled hole sample is similar to a conventional standard
used to calibrate ultrasonic equipment. If we assign a number of 100% to the
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system sensitivity used during examination of resolution standard S-2, then the
system sensitivity level necessary for detecting the inclusions in specimen D-1
is 100%. There is one exception to the preceding: one defect in sample D-1 was

evident at the sensitivity level used for examination of resolution standard
S-2. See Figure 44.

Since focused transducers were used for this examination, the depth of the focal
point was positioned below center and examined from both sides. This posi-
tioned the focus near the slices of test samples in order to insure good resolu-
tion of all the programmed defect conditions.

In Figure 40 is shown a picture of the doped sample D-l with a sketch show-
ing the slices of the disk representing the gating used to look at one slice at
a time. This procedure was used because of the very large number of ox-
ides revealed by the sweep of the total disk. Typical scans are shown in

Figure 41 and 42 of #1 and #2 slice. Note that the combination of plan view
and simulated B-scan (section view) in Figure 41 make it possible to accura-
tely locate the defects. Note also that the lateral and depth magnification
values differ. In Figure 42 is shown a plan and 3-D view to illustrate pictor-
ially the defect locations. There are too many defects in this view to make
mapping practical which points up a problem in sample preparation. D-1 and
D-2 were to be prepared with a few intentional oxides added to permit map-

ping and cut-up. This would make possible an assessment of system sensi-
tivity. The number of oxides added was excessive thus limiting the value of
the samples in sensitivity evaluation.

In Figure 43 is shown the #3 slice with the only indication (1) observable at
the same gain setting as that used for S-2.

The circular outline of the plan view and the lines of the section view are

reflections from sample surfaces intentionally used to outline sample and

reference defect signals.

In retrospect, the good focusing procedure described above could have been
improved by locating the focusing the center of each gated slice. The num-

ber of defects indicated in slices 1 and 5 are much lower than those found in
2, 3 and 4-which slices are in the proximity of beam focus. Since these disks
were sectioned from larger HIP'd logs, one would not expect this type of
preferred location of oxides. Thus the evidence tends to substantiate the need
for more attention to optimum focus location.

A new 10 MHz broad band transducer was built with a six-inch focal length
and a diameter of 0. 3 inch. This transducer was used on most of the re-
maining NDE of this contract effort.
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The evaluation of S-2 indicatcdi a strong definitive signal for a standard 020
inch drilled hole and insensitivity to the shape of the hole bottom. Examina-
tion of D-1 revealed a good visual presentation of oxidesmany having dia-
meters believed to be less than . 010 inch. An examination of S-3 revealed
excellent sigmls from .007 inch drilled holes, See Figure 47. For the low den-

sity sample, 1)-I, small voids were easily revealed. See Figure 42. All
of this indicated high sensitivity but the need for calibration effort to quan-
tize sensitivity capabilities.

A series of disk and cooling plate blanks were borrowed. These HIP'd Rene' 95
hlanks were to be machined for engine qualification testing for the HIP process.
Permission was given to examine these blanks using intensity mode Holosonic
ultrasound. All blanks were previously accepted on the basis of ultrasonic

testing using the General, Electric specification P3TFI°

For ultrasonic testing, th, -tandard calibration block is used and the signal
from a .020 inch side di il1, 4! hole is set at 80% full scope deflection. No
.-imilar standard is yot (I , I wod for Holosonic equipment, and the .020 inch
hole was not a ch-allengii,. t, dard. So the gain was adjusted to readily reveal
end or side drilled holec 0 .' inches in size, but just miss . 007 inches
diameter end drilled h,,'s. These machine settings are given below:

Test Parameters

Transducer: 10 MI1z broad band, 6 inch focal length x 1. 4 inch diameter

Operatina Mode: Intensity mde, coherent pulse, coherent transmit

Transmit Level: 65%

RF Gain: I0%

Low Frequency Gain: 50',,

Using these values, the IIIP'd blanks were examined and significant signals
mapped. Permission -v-s riant(,d to cut up one cooling plate in an attempt to

assess defect size. A series ol pictures in Figures 48 & 49 illustrate the display

of the indications. It was qnt(icilld that the sizes oithe defects illustrated
he re were less than. (Io inch 1h: i- (I on a comparison of indications from
S-3 sample
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l)elhiatimg Box

a b

C-Scan of Serial -46; Same as (a) with Scope of Scan for
Section View Gate 2-9 p s

I:IT

Section View Of Delineating Box
SNote Multiplicity of Sig'nal - Indication

40 of Mavy Small Defects.

Figure 48: Examples ol Intensity Mode Hlolosonic Scans Of
Scrial 46 D)isk
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?

Section AA

Section CC LSection BB

a b

C-Scan of Serial -49 Gate Same as(a) With Lines to Indicate
Set at 4-9 p s (Total Thickness Scope of Section Scans

9 As)

c d e

Line IM Line 412 Line #3

Fig-ure 49: Intensity Mlode 1I 'osonic Scan of Serial 49 Disk,
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*, The sample cut up had five areas identified with strong indications from the
Holosonic inspection. Four of these were destructively evaluated by electro-
lytically machining the surface removing a thin .005 inch layer between each exam-
ination. The presence of a non-metallic particle resulted in a localized area
retardation of chemical attack as illustrated in Figure 50 . Another sample was
exposed to metallographic polishing between examination cycles. With both
methods, many. 001-. 002 inch particles were found, one. 004 was found but
none larger. Considering the care used in this evaluation, it might be concluded
that:

o There were no non-metallic particles in these areas larger than. 004. - A
possible'cor elusion but one not proved. See Figure 51.

o The large indications noted in intensity mode inspection were due to clusters

of fine non-metallic particles grouped too close to each other to be resolved
as individual particles. See Figure 50. This appears to be the most
probable explanation. To prove it would require quite careful mapping
and small incremental metal removal between inspection cycles.

0 o Lastly, larger defects could have been missed. It is possible, but not
probable that a defect . 010 inch was missed. It does not appear possible
that a .020 inch defect could have gone undetected.

Again this evaluation gave evidence oi increased .-cnsitivity of the Holosonic
intensity mode, but no solid proof. So the six disks were then evaluated in a
similar manner with view to a second cut up analysis using the procedure
designed to map . 002 inch particle locations. The cluster concept would be
evaluated.

Unfortunately, at the same machine settings, these six disks were quite clean.
See Figure 53 for a typical result. So again the attempt to quantitize sensi-
tiviby improvement was thwarted.

General Electric was preparing a series of intentionally doped samples with
view to mechanical testing specimens with known defects. The first four disks
were doped as shown in Table VI below:
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Figure 51: Examplcs of Small Non-Mletallic Inclusions F-ound by Metallo-
graIhic I';valuation of Sample With I lolosonic Indications.
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500 x 400
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00 0 xc 00 Inc

Examuples of the Larger Inclusions Foundl
in l etallographic Sectioning.
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TABLE VI

Intentionally Doped Disks Of Rene' 95 IIIP'd Material

Number Added Oxide Size Added

412 Al 2 03  . 006-. 010

413 A12 03  .020-. 033

414 A1 2 03  .047-.065

416 Fe20 3  .033-. 047

All disks were inspected using conventional ultrasonics. The results are
shown in Table VII along with ilolosonic results. See Figures 54 to 58. There
was strong evidence that identification of 412 and 414 were reversed. Compare
the size defects added (Table VI) with the Figures 54 and 55. Secondly, a
container malfunction resulted in oxygen pick up for 1i-116 making this specimen
useless. See Figure 58. However, the number of relatively strong indica-

tions on 412, 413 and 41-I gave positive evidence of increased sensitivity over
conventional ultrasonic testing. See summary in Table V11. Significant indi-
cations in 412 and 413 were mapped and attempts will be made to section these
for assessment of defect size. However, the value of these samples seem
limited because of the method of sample preparation. Conventional powder was

used which can, and evidently did, have numerous oxides present as a result
of sprue erosion during melting and atomization. Such particles smaller than
.010 inch could pass through the screening (-60 mesh) used in processing the
powder.

Let us assume the numbering of 412 and 414 was reversed. The lHolosonic in-
tensity mode scan of a portion of 4i414 is shown in Figure 54. This would be

the sample to which was added. 006 to . 010 inch defects. Indication number I
looks to be quite large but all of the rest appear to te quite small. Remember
none were found by conventional ultrasonics. Thirteen indications were strong
enough in both C-scan and simulated B-scan to permit accurate mapping. There
is strong indication that these were in the range of . 006 to . 010 inch in size.

TABLE VII

Results From NDE Of Disks

Number Ultrasonic Results Ilolosonic Intensity Mode

412 9 significant indications 13
413 2 significant indications 16
414 None Numerous
4iB Many indications Many

"O of7- *1;V A_ 77..Z7
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.~~ SIMUJLATrED B- SCAN

Figuire 55: Sample 412, Gatedl 1L5 - 12.4 sec. Fromi Opposite Side (side
opposite ultrasonic indicatioii iiarks)
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Figure 57: Continued -Sections of Scan Relativc to Table 11
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C -SCAN

SIMULATED B - SCAN

Figure 58: Sample 16 - Partial Scan Showing Innumerable Indications.
Although Fe20 3 Was Added, Results are Probably Due to Leakage of

Can During Sintering.

1

a ,  6 6

'

Z 5 Ve*



Test Data On Two Cracked Specimens: #C-1 And #C-2

Specimen C-I is 6" in diameter and 2" thick. Specimen C 2 is a rectangular
block 8" X 4" X 1 1/2" thick. Both pieces contain tightly closed cracks ori-
ginating at the surface.

Two techniques were used for the inspection of these test pieces. Figure 59
depicts a scanning configuration that employs a separate source and receiver.
This configuration is similar to through-transmission in that the image is a
shadow picture; i.e., the presence of a crack radiating from the back surface
of the specimen is indicated by a lack of signal at the receiver transducer.

Figure 60 depicts a shear wave technique using a simultaneous source/re-
ceiver. In this case, the presence of a crack radiating from the back sur-
face of the specimen is indicated by a return signal reflected from the crack.
The technique shown in Figure 59 was the more successful.

Figure 61 is a 10. 6MHz coherent shear wave image of Specimen C 1. This
photograph is typical of those obtained during several scans of Specimen C 1,
in different transducer/specimen orientations. The sensitivity was sufficiently .1
high in this case to depict grain boundary scattering in the image. The lack
of any crack indications in this image suggests that the known surface cracks
in this specimen are very shallow. In reality they were quite deep.

Figure 62 is a 10MHz image of Specimen C 1 using the technique shown in
Figure 59. The detection of one crack is denoted by (1). This image is typical
of those obtained during inspection of Specimen C 1 with separate source and
receive transducers. This image tends to confirm that the visible surface
cracks are not readily identified with ultrasonic techniques due, in part, to
the high dependence on ideal orientation of the beam to the plane of the crack.

Figure 63 is a 10MHz image of Specimen C 2 and was made with the set-up
depicted in Figure 59. The cracks (black) seen in this figure propagate far
enough below the surface to be readily detectable by this imaging technique.
It is not certain that the true depth is represented by this scan.

Figure 64 is an image, of a known simulated crack, 1/4" deep, in a 1/2" thick
test sample and was made using the same set-up as the image of Specimen C 2
in Figure 63.

Application of the System 200 to detection of shallow cracks in these types of

specimens would require multiple scanning direction to assure that the trans-

ducer is near-normal to the crack face in order to receive a reasonable size

reflected signal. Even then, reliability is questioned.
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Two Methods Of Evaluating Cracks
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Figure 61: Holosonic Ultrasound Viewv Of Cl Specimen At High Gain
Method Of Figure 60 Was Used
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Figure 65: Sample PI Gateci To Record A Small Depth Increment.I

Porosity

Results on P1 indicated ability to obtain response signals from small voids.
The number of voids prusent made systematic evaluation meaningless.

From this work on intensity mode Holosonic ultrasound we can conclude:

0 MLch improved method of data presentation exists but there is the
need for equipment modification to permit calibration.

0 The method of signal presentation more accurately predicts size and
shape.

0 Accurate and easy location of defects is possible with cathode ray
method. 3'

o Holo.-oics demonstrated an ability to inspect nearer the surface than
with current ultrasonic practice.

o There are strong indications ot improved sensitivity but there is a need
to substantiate this claim with more cut up evaluation.

o There appears to be no promise that this process will be a crack in-

spection process.
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ACOUSTICAL HOLOGRA PTY

Acoustical holography, with the Holosonic equipment, makes use of all the
tools used with intensity mode, coherent pulse, coherent transmit, ultra-
qounddiscussed above. Then the response signal is processed with a corn-
puter capable of handling complex Fourier formulations and reconstitutes
this information in the form of a hologram. Thus one would expect all the
improvements listed in Table V plus an additional apparent advantage.

There is a limited effect ol signal sensitivity on the proximity of a defect
to the transducer focus. i, illustrated In Figure 66, defect #1 is closer -
to the beam focus than defect #2. If we assure the two defects are of equal
size, defect #1 would absorb a larger percentage of the ultrasonic beam
energy than defect #2. (The cone area at #2 is greater than #1 and the ener-
gy at #26 is more diffuse). Thus the signal from defect #1 would be strongest.
In conventional ultrasc and this would be reflected in an indication of larger
defect size with acoustical holography, the reconstructed hologram is the
summation of a series of signals from that defect representing a series of
locations of the transducer. Because of the cone angle, rtsponse signals would
be received from Yr...re transducer location.g .ft.,m # 2 than Pl so the integrated
or composite response from both defects would be essentially equivalent. If
another modification is made in the electronic signal, the response from the
two signals could be even closer making accurate calibration of defect size
more probable. This mcdification is an amplification of the signal as a fun-

J, ..1ction of the depth so that wave absorption effects could be negated.

For the work on this contract, there was no computer available capable of
handling acoustical hologr:-phy for these samples, nor was the associated
software in place. Thus 1he holography was done by a reconstruction method
that only aoproximates the cipabilities of a fully developed system.

Reconstructi hle Acoustical Holography

Figure 6A depicts typical parameters for acoustical holography imaging. In
most cases, the transducer is set up to focus on the surface of the specimen
being inspected. The figure depicts the transmitted ultrasonic beam shape of
an F/4, lens focused transducer, i.e., the transducer focal length is four
times the active element diameter. Four different transducer locations
during a scan are pictured.

For acoustical holography, optimum imsae quality is determined by the size
of the scanned aperture, transducer frequency and the distance to the object.
The f.equency dependency is similar to conventional ultrasound. The higher
the frequency the shorter the wave length and the better the resolution.
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Figure 66: Transmitted Ultrasonic Beam From One Scanned Transducer I
Focussed At The Surface Of A Test Specimen. The Beam
Shape Represents A 4 Inch Focal Length By One Inch Diameter

Transducer.
SCAN

LENGTH

INCREMENT

Figure 67: Typical Set-Up For Making An Acoustical Hologram Shows
Object #2 (Figure 66) Centered In Scanned Aperture.
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The scanning aperture is a measure of the number of discrete transducer lo-
cations contributing to the reconstructed hologram. The greater the aperture
the higher the number and the sharper the holographic image. Also the greater[the distance to the object (or defect w.;thin the sample) from the focus of the
transducer, the larger number of transducer locations contribute to the recon-
structed hologram and so the sharper the image.

This calls attention to a small problem with acoustical holography when com-
pared to intensity mode Holosonic ultrasound. With the latter p~rocess the focus
is well within the part and usable response from defects to about .030 inch from
the top surface is possible. Closer approach tu the bottom surface is reasonable.

P With acoustical holography, the focus is typically at the surface tending to
ring the surface. This causes no problem when defects well within the part

A are imaged since the reconstructed hologram, having many contributing signals,
ten-s to ignore that signal from the surface. But, when the defect is near the
surface, the holographic signal tends to be more diffuse because of fewer
contributing response elements. For such defects the ringing of the surface
tends to interfere. To circumvent this problem, the hologram should be made
by using two or more transducers some of which are focusud below the surface.

In practice, an acoustical hologram is formed as follows:

0 Assume that Figure 67 is a plan view of Object #2 in Figure 66.

o The transducer scans a reetilinear pattern ss in Figure 67.

o Object #2 is diffusely illuminated by scanning the diverging ultrasonic
beam as depicted in Figure 67.

o The transducer is driven by a coherent sinusoidal source at its resonant
frequency. The resultant pulse of coherent ultrasound travels through
the medium and is reflected from Object #2. This reflected energy pulse

? A is received by the transducer.

0 o The phase of the reflected object signal is compared to an electronically
generated reference signal. The result is an electronic interference
pattern.

o Each scan line can be writ-.n as a row of dots on the face of storage
oscilloscope. The col spacing being a function of the phase comparison
along the scan line, or the interference pattern.

o The acoustical hologram oi Object 2 appears on the storage scope as a
pattern similar to that shown in Figure 68.

o In a production system, the hologram information would be reconstructed
by a micro-computer to provide near real-time, high resolution images -

of any defect condition in the production part. In this initial feasibility
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Figure 68: This Pattern Is Very Similar To That Obtained By Making An

Acoustical Hologram Of A Point Source, Or A Small Diameter,

Circular, Planar Defect Condition.

d rb

I r ;a RECONS..IJTRUCTEDI - I/IMAGE PLANE

§ It

LIGHT SOURCE 0/ ORDER

HOLOGRAM FILTER
PLANE

r a - Distance Froin Zero Order Focal Point To The Plane Of The
Hologram

rb - it~c rmTePlan- Of The Hologram To The Plane Of

Thc Reconstructed Image

d - Variable Distance Used To Set Proper Relationship To ra
To r

Figure 69: Schem ic Diagram -Optical Reconstruction Of An Acoustical
Hologram
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test, the microcomputer was not available and two step optical recon-
struction was accomplished by recording the hologram on Type 46L Po-
laroid transparency film.

o The transparency of the acoustical hologram is placed in an optical re-
constructor (represented schematically in Figure 69) and the reconstruc-
ted image of Object #2 (Figure 67) is displayed on a video monitor.
Distance in Figure 69 is proportional to the depth of Object #2, and the
true size of Object #2 is as presented on the face of the video monitor,
multiplied by a magnification factor based on the distance of the object
from the focal point (hologram plane) of the transducer and the acous-
tical frequency.

The optical reconstructor schematically drawn in Figure 69 can be replaced by
a microcomputer reconstruction system with TV display. The effect of the
lens system in Figure 69 is to take the fourier transform to the Hologram data
to obtain the reconstructed image. This same mathematical transformation _

may be accomplished with a microcomputer and displayed on a TV monitor. The
microcomputer reconstructor has the added advantage of eliminating the film and
making the inspection a one step operation. In addition, the microcomputer
transforms the Hologram information using the known acoustical wavelength
which helps to eliminate out-oi-focus information commonly present in optical
reconstructors where the optical wave length must be used. The microcomputer
reconstructor is, therefore, proposed for the final configuration of this insp-
ection system.

Figure 72 is a photograph of an 11 MHz acoustical hologram of two side-drilled -

holes in resolution standard S-1. This hologram was optically reconstructed as
depicted in Figure 69 schematic diagram using input depicted in Figure 70. The T;
two holes lie at different depths in the test specimen. By varying distance "d" -

* (Figure 69) one may focus on one drill hole and then the other. See Figure 71
and 7m3.

The advantages of acoustical holography lie in the ability to accurately deter-
mine the lateral dimensions of objects lying in the reconstructed image plane of
the hologram and to obtain the highest resolution of any defect condition regard- -

less of its depth in the specimen. Note that with computer reconstruction, the
r- results of Figures 71, 72, and 73 would be improved so that both holes would

appear in focus as discussed below.

When a microcomputer is used to obtain near real-time acoustical holography
4 images it must mathematically transform (Fast Fourier transform) the hologram

data into the reconstructed image. Because of the flexibility of the computer,
it may choose the reconstruction wavelength to be equal to the original acoustical
wavelength and thereby avoid any unnecessary distortion in the reconstructed in-age. When an optical reconstructor is used, the reconstr'ucted wavelength is '
fixed as the light wavelength.
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*Figure 70: 11MHz Acoustical Hologram Of Two Side Drilled Holes In
* Resolution Standard S-1. This Hologram Contains The

Phase And Amplitude Information From Which Reconstructed
Images In Figures 71 - 73 Are Obtained.
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T7 7z.08m , rbK -n =L

Figure 71: Reconstructed Image Of Figure
70 Hologram.

ra Set To Focus Hole #1 On Image Plane.

ar 4 . 0 8 m , rb 10 m M = 1. 08

(Image Mag.)
m*= 1.333

Figure 72: Reconstructed Image Of Figure

70 Hologram.

ra Set Midway Between Hole #1 And Hole

#2 Focus On Image Plane. ,
4.12 m, rb 10 I M =1.07

; : m =1. 333

Figure 73: Reconstructed Image Of Figure

70 Hologram.-ra Set To Focus Hole #2 On Image Plane.
Va

ra 4.2m, r 10 M M -1.03
mn = 1.333

¢2

m mis the ratio of the length of one side of
the scanned aperture to the length of one side

of the hologram.
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The formula for calculating lateral reconstruction image magnification is:
ML = (2 X L s) (mrb/rl)

Where X and X s are light (6328 A for He-Ne) and acoustic wavelengths,
m is the hologram copy reduction factor (typically 4), r1 is the depth of the
object (See Figure 66) and rb is determined from the equation:

1/rb =(2 X / h srl) - 1/ra
1rL/

The term ra is hologram to zero order light focus distance (See Figure 69)
and is generally a negative number, making the more common fo-m of the
above formula:

1/rb = 1/ra ± (2 Lm2/ s

The two resolutions being for the true image and the conjugate image.

The large difference in acoustical and optical wavelength cause undersirable
effects in the reconstructed hologram which would not be present if micro-

computer reconstruction were used.

Thus, the opportunities in acoustical holography have been indicated. The
capabilities appear equal or better than intensity mode Holosonic ultrasound
and, theoretically should be better. Additional work is required but such
effort demands certain equipment modification as indicated on page
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INTERCOM RAI) TEC NI)i, V I"ORT
NEUTRON RADIOGRAI' ll Y

This process was evaluated hut proved to have no application to rotating turbine
hardware. There are special applications for this process and one typical use is
given later in this report.. Lat, in this contract period, work on neutron radio-

: graphy was stopp~ed and eflo,t was transferred to a new process, Compton

Scattering, whicn is discus.,.d later in this section. The neutron radiography
effort is described helow.

DESCRIPTION OF TIE R( )CESS - I

Neutron radiography is sim .' tLo x-radiography only thermal neutrons are the
energy source rather than N .,-ays. The source of neutrons used for this work
was the Californium 252 ra lio:ctive isotope. It is housed in an appropriate I
shielded container. Part c' thv neutrons emitted from the Californium 252,
which are fast neutrons at 'lie time of e mission, are reduced in energy from
fast to thermal neutron eni-'i levels with the aid of an organic moderator.(Only the thermal neutrons '.,. 4fective for this inspection process.)

The thermal neutrons e.caping through the aperture of the source shield impinge

on the sample creatin, a. sha'dow picture on the x-ray film behind the sample.

Neutron Photograpnic I)(tkcj;ioj Methods

The photographic detection m'ihod, most commonly used, employs the conven-
tional x-ray fhlm with cm ,, ivr screens. Since film is essentially transparent
to neutrons, these screens (..ivcrt the neutron image into one which can be
detected more readily I 1., x-ray film. These converter materials are of two
different types, pot4.ntiali ..dioactive materials and prompt emission
materials.

The latter type, charact.eiized Iy gadolinium, has little tendency to become
radioactive, but rath,,r ,mits irradiation which exposes the film immediately upon
the absorption ol a neutron. This type of converter screen is used for a direct
exposure method lfor ,htctin.t, neutr'on images. The film and screen must be
exposed together to get a neutron image. This direct exposure method is a re- -
latively fast detection techlli(Itiv. One disadvantage, however, is that the film

d is present to detect other :accomlpnying radiation, such as gamma radiation that
is initially present from the neutron source or a result of prompt reactions
with the piece being inspected by the neutron beam. Since gamma radiation is
generally the domimnt one present, one can filter the initial beam so as to
attenuate the ganuma co.mp n... relatively more than the neutron component and 1

obtain a highi neutron to gan .i ratio. A sheet of aluminum surrounding the
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film can decrease gamma fogging by this selective absorption. In addition,
x-ray film more insensitive to gamma rays can be used.

r The main disadvantage of the direct exposure technique (gamma fogging) can be

- overcome by using a detection method called the transfer technique. The image
is detected on a potentially radioactive screen which becomes radioactive
proportional to the neutron intensity at each point of the image, and later
transferred by beta emission to the x-ray film. Dysprosium and indium are
two materials commonly used for the screen material.

The absorption of neutrons by the Rene' 95 disk material is quite different than
absorption by conventional x-rays. Heavy metals, like chromium, nickel and
iron are rather transparent to neutrons but readily absorb x-rays. Light atoms,
especially hydrogen, have high absorption coefficients for neutrons but have
little effect on x-rays. So the value of neutron radiography must lie in some
special absorption properties.

It has already been demonstrated that corrosion products in aluminum aircraft
structures are instrumental in identifying corrosion cracking. These corrosion
products absorb neutrons illuminating the defects. It was hoped that similar
applications could be found for disk alloys.

PROGRAM PLAN

The P, D, S and C type samples described on page 5, were to be used to
establish the inspection parameters with neutron radiography. For the cracked
samples, increased detectability was planned by using a gadolinium nitrate
penitrant (Gd (N03)3 . 6H20) in back filling voids open to the surface. The
neutron beam isattenuated in any material according to

- 0

where I is the radiation intensity transmitted through the material having a
thickness t and a linear absorption coefficient , ,and I is the initial incident
radiation intensity. Gadolinium has one of the highest absorption coefficients
and hydrogen is also quite high. It was anticipated that cracks and other defects

- open to the surface would be well illuminated by the gadolinium salts.

Following the establishment of techniques with the aid of the samples mentioned
above, six T700 disk bk:7 ks were to be evaluated and results compared with other
NDE processes.

RESULTS
Initial attempts to inspect D1 and D2 indicated the intentionally added oxide par-
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ticles were too subtle for the process. Similarly, the holes in P1 could not be
identified. The holes in S2 were filled with gadolinium nitrate penetrate and the
sample evaluated. The doped penitrant was effective in absorbing neutrons as F
illustrated in Figure 74 . Howcver, in any regions that the penitrant did not
fill, the difference in filn density of the exposure was sub tle and identified
primarily because of known defect location. See arrows in Figure 74. The holes

in S2 are . 020 inch in diameter.

On subsequent evaluation of S3, not all holes were observed on the films. Holes
drilled in this sample varied from . 007 to .030 inch in diameter. See Figure . r
Either the penitrant did not bacl, lill all holes or the smaller holes were too
subtle for the process.

The cracked samples C1 and C2 were examined with very disappointing results.
No exposure was made with a film density contrast in the crack region sufficient
to produce for the report.

Many experiments were perlormed to improve sensitivity of the process. These
included:

o Different film types, c. .. ,single and double emulsion, Type A, Type M.

o Cutting film donuts so film could be placed in direct contact with the part
surface on T700 disk shapes.

o Use of the transfer technique with Indium sheet, to minimize gamma fogging.

S.o Use of Potter Beckey grid to filter out scattered radiation from the sample
and reduce film fogging.

o Computer aided density intensification of the exposed film.

1AI
With all of this experimentation, no additional films worth reproducing were
made.

C(ONCLUSIONS

o Neutron radiography does not warrant further work at this time with regard
to rotating turbine hardw-nm NDE.

o The capabilities of the process do not warrant a comparison or economic
analysis since the process fails to meet minimum requirements for NDE
as related to these turbine parts.

o Even the use of gadolinium nitrate was disappointing. If drilled holes
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cannot be reliably fille.I :eid inspected, there is little hope of cracks ever
being reliably located ,y this process.

o As a side evaluation, T700 4iafts with Vitcn seals were inspected at over-
haul to detcrinine seal 1oL .. Lion and condition. Broken seals and seals that
had shitte,1 location could be readily evaluated in Neutron radiography films.
Thus it appears that this process can be useful in inspecting organic
0-rings and spals in assumblies.

No further evaluation was 'nad of this process.

COMPTON SCATTERING NDL.;

Flaw Detection Of HIP Mati in) With A Photon-Scattering Gage Introduction

As previously mentioned. the IRT effort, using neutron radiography did not
prove useful ia inspecting HIP Rene' 95 hardware. But, during the course of
this contract, another NDE method was being explored for an ordnance applica-
tion. The progress in this ordinance work warranted a modification of the HIP
effort at IRT to include an evaluation of this new process. With the very
limited tine and money left in this contract effort, the planned evaluation was
very preliminary. a

DESCRIPTION OF TIUE PROCE-SS

This radio'nctric technique iF h:. scd on a simple phy" ical principle. By measur-
ing the scaitered radiation of a high energy source, the type, size, and location
of defects in the specimen cr, n be identified with a high degree of resolution and
sensitivity, even in the pres,,nce of severe defects in other parts of the specimen.

Basic Radiation P'rinciple

The photon--cattr'ring gauge utilizes the fact that gamma radiation interacts with
the material which it pan'ses through by scattering a portion of the incident
beam away from the incident direction. This type of interaction, known as
Compton Scath ring, is ai well understood phenomenon. As photons exceed about
200 keV in energy, thcV alrnst exclusively interact with the electrons in the
taiget material and tT.nsf'r only part of their energy to the electron during a
colision. Conservation lw.u s require that the photon be deflected in a particular
,ngle as a result of this collision. Energy loss and change in direction are - "

unambiguously correlated. \ small loss of energy is associated with a small

angular deflection; increasing cnergn loss corresponds to increasing deflection,
with maximum energy loss occurring when the photons are scattered 180.
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With increasing incident photon energy,. a growing fraction of the scattered radi-
ation falls in the forward direction, independent of target material, while the
total probability for the occurrence of Cormpton Scattering depends on incident
photon energy and material characteristics. Generally, photons in the energy
range of 200 to 1500 keV almost exclusively interact by Compton Scattering with
all but the heaviest elements. As the incident energy exceeds 500 keV, the num-r: ber of scattered photons becomes practically independent of material composition
and depends only on the mass or electron density of the scattering target. In
other words, the number of photons scattered from a unit volume element in
the target depends only on the density of electrons in this rolume element. We
shall see that the number of scattered photons increases linearly with the elec-
tron density in the target volume element. The energy source used for this
work was a cobalt 60 isotope. Note that, for the turbine materials of interest,
the electron density is almost exactly proportional to the gross density of the
particle being inspected.

Since scattered radiation measurements seem to be more definitive than incident
beam evaluation on the bottom side of the test sample, a technique for scattered
radiation evaluation was developed. A selected portion of the scattered radia-
tion is usually measured by a radiation detector at the end of one or more colli-
mators placed at a certain angle to the incident beam. All collimators are fo-
cused on the same portion of the incident beam. The detected scattered radia-

tion results from Compton interactions in the volume element defined by the
intersection of the incident beam and the detector collimators. Consequently,
the volume element from which the scattered radiation originates appears to thedetector like a source of radiation whose intensity depends on the amount of
material contained in this inspection volume element. The introduction of a void
into the volume element means a reduction i; the amount of material available
to scatter gamma rays, and consequently results in a decrease in the detector
response. The introduction of an oxide increases the electron density and de-
tector response over a void, but still oxides reprosent a significant drop in
electron density when compared to the HIP Rene' 95 material.

If the inspection volume element is selected sufficiently small so as to repre-
sent only a small fraction of the entire sample volume, the detector response
becomes highly localized, and consequently is less subject to interference from
signals from the rest of the sample. The energy from the other portions of the
sample is largely negated because a very small fraction is aligned with the
detection collimators. The sensitivity of the process is governed by the ratio of
the void size to inspection volume which is defined by the collimators.

In the schematic representation of a photon-scattering inspection device shown
in Figure 75, the specimen is positioned before the source collimator. A
scattering detector with a suitable collimator views the sample from the side at
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Figure 75: Schematic Representation Of A Photon-Scattering
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a selected angle to the direction of the incident radiation. The 900 angle chosen
fo_" the schematic representation in Figure 75 is arbitrary, and does not imply
that it is the optimum angle for a scattering gauge in general, or for this
application in particular. The transmisuion detector shown in Figure 75 repre-
sents a measuring location to simulate conventional x-ray techniques.

The Compton scattered radiation, which is measured by the scattering detector.
originates in the volume element defined by the intersection of the collimator of

A the interrogating gamma-ray beam and the inspectiiu aperture determined by
the collimator in front of the detector. The entire volume of the sample can be
inspected by translation and rotating the sample with respect to the incident
beam/detector beam intersection.

r"D ector Response And Sensitivity

In the following discussion a comparison is made as to the ability of two processes
to detect defects. In the first process, quite comparable the conventional

A' radiography, transmitted energy is measured. It is shown that an important
factor governing detection is the ratio of defect thickness to the thickness of
the part being inspected. In the second method, photon scattering is measured,
The detectlon is governed primarily by the ratio of the size of defect compared
to the size of the sample defined by the intersection of the source and detection
collimators. Scattering from other regions of the sample have only minor
effects.

In order to understand the characteristics of the photon-scattering gauge in some
detail, we .ahall now develop a general analytical formalism of radiometric
techniques which allows a quantitative evaluation to be made. It is convenient
to use the standard transmission technique (conventional radiography) as a point

", *4 of comparison, since it is easily understood and forms the basis for the well-
known radiographic method. In this elementary treatment wYe neglect the effects
of small-angle scattering of the beam and of contributions from multiple

A' .scattering in material surrounding the beam.

Transmission Gauge (Comparable to conventional radic ;raphic techniques). See
Figure 75. The energy measured by this gauge is that energy measured by
normal transmission radiography using the detector ra"awer than film. Referring
to the arrangement in Figure 75, we can write the re -ponse of the transmission

idetector as follows:

R =I e-PX 2  (1)
T o

where
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T.

Io = incident gamma-ray flux the source;

IP = total gamma-ray attenuation coefficient for the material of
the specine n expressed for convenience as the product of the

deivity () and the mass absorption coefficient (p) with units
cm /g:

X2 = material thickness as illustrated in Figure

We are interested in knowing the sensitivity of the response R to imperfections
in the material represented by changos in X2 . These could, Fr example, con-

sist of small voids which effectively cause decreases in this quantity. The
fractional change of Eq. 1 can be expressed as;

6% [
- -- ip pX 2  SX2 /X) (2)

Equation (2) is derived by differentiating equation (1), dividing it by equation
(1) and multiplying right side by X2 .

X2x2

The left-hand side of this equation is the fractional change in the transmission
response, and the right-hand side shows how this is related to changes in path
length through the specimen.

That is, for a defect of width W in the material.
d

RT ipX (3)

R PX 2 X2

The most important g en eralization in the above analysis of the transmission
response lies in the observation that the change in response is proportional to

, . the ratio of the size of the imperfection to the thickness of the specimen. We
shall have an occasion to return to this concept after looking at the analysis of
the photon-scattering technique for gauging.

Scattering Gauge. With the background provided by the previous discussion, we
can proceed directly into an analysis of the photon--scattering gauge. Again re-
ferring to Figure 75, we can write the scattering response, R , by stepping
through the sequence of interactions which occur. The scatterilng detector
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views a small volume at a position X1 from the innor surface of this casing.
Thus, for the assumed ideal conditions, the' gamma-rays which reach this point
are given by:

- ppX 1
IjIe

0 (4)

At the inspection point Xn scattering events occur in the inspection volume Vi,
and those which scatter io the direction of the detector can be written as

IV ip i iAd.f (0)

where I is from Eq. 4, A i is the solid angle subtended by the detector at the
scattering volume, and f (0) is an angular distribution function which expresses
the distribution of Compton-scattered photons. We use P and I to represent

t Ithe values of these parameters averaged over the inspecton volume V.

The photons which scatter in the inspection volume and are degraded in energy
according to the law of Compton scattering, suffer an attenuation in reaching the
detector, which is given by:

-11,(6)

where the primed mass absorption coefficient indicates that the scattered gamma
rays have a lower energy thaii the incident gammy rays, and the overall
scattering response is just the combination-of the above three relations,

IV ( -1PX1 -;!Py(
"S 0 oViip (O) e e (

Now, followi n g the same procedure as before to find the sensitivity of the

scattering response to defects in the various parameters, we obtain the frac-
tional response change;

Rw + .- PY - ip1 TI) Ii iXi
(8)

Equation 8 is the scattering analog of Eq. 2, and can be seen to have four terms

which are similar to those of Eq. 2. These terms originate from the transmission I
processes which are part of the photon-scattering method, and affect the scattering

response in the same manner as discussed above. In particular, their effect on

the scattering response depends on the ratio of the defect size (8X 1 or BY) to

the oath length through the material. We shall concentrate our attention onihe
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first two terms of Eq. 8, which express the effect of changes in average density

and composition of the inspection volume Vi .

a.

This term refers specifically to changes in atomic composition of the in-

spection volume, the most common occurrence being an inclusion of some

foreign substance. This term has a negligible effect on the scattering

response for any inclusion with atomic number less than tin (Sn), and rises

to an effect of about 10% for lead (Pb) for 1. 0-MeV gamma rays.

b. (6pi)/Pi

This term refers to density changes due either to voids or inclusions. In
the case of inclusions, these will typically be lower in density than the

surrounding material.

The most illuminating emample of the photon-scattering technique is the case of
a small defect. If the inspection volume is V and the defect volume is Vd , the

combining effect of the first two terms gives the general result.

6R5  Vd ~
R . 1 (9)
S Ip

In the special case of a small void in the material, we obtain;

"' R S VdR s Vd (10)

S 3

which says that the fractional change in response is just equal to the ratio of
the defect volume to the inspection volume. This is a very important result,

since it provides a concise proof of the superiority of the sensitivity of the
photon-scattering technique over the transmission techniques. Simply stated,

since the change in the transmission response is proportional to the ratio of the

defect size to the total thickness of the specimen (i. e., Eq. 3), the above
result shows that the scattering technique is more sensitive than the transmission
technique by a factor approximately equal to the ratio of the size thickness of the
specimen to the length of the inspection volume V . This can be a very lar e
factor indeed.

CONCEPTUAL DESCRIPTION OF TECHNIQUE IMPLEMENTATION

Ccnceptually, a complete scan of the part is accomplished by rotating it about
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an appropriate axis, translating it along a line parallel to the interrogating beam
such that the scattering detector scansit from the OD to the center, and moving
it up or down. The volume inspected during one revolution is a concentricannular ring with a cross-sectional area equal to that of the inspection volume

element. The data are recorded as the number of gamma rays which are
scattered into the detector from each inspection volume element in this annular
ring, along with the three-dimensional information defining the location of that
inspection volume element, viz., the angular location of the volume element,
its radial distance from the center (or detector columnator position, and its
vertical distance from a reference point at the base of the shell.

After one complete revolution, the part is moved horizontally by a discrete
amount, depending on the size of the inspection volume element, and the process
is repeated to scan another annular region at a different radius. The part is
stepped in incremental amounts with each revolution, until the entire distance
from OD to center has been traversed. At this point, the inspection of a thin
disc whose thickness corresponds to the height of the inspection volume element
is complete, and data from every volume element making up this slice is

,recorded, a]ong with the three-dimensional position information. Next, the part
is moved vertically by an amount corresponding to the height of the inspection
volume element, and inspection of the adjacent disc begins.

The three-dimensional data array is subsequently analyzed for variations in the
number of counts per data point that may indicate statistically meaningful
deviations of material density as a result of defects. These deviations are
then quantitatively analyzed for their magnitude, and correlated with statistically
significant deviations in neighboring data points to define the size, shape, and
orientation of the defects.

The photon- scattering gauge is thus seen to be an inspection device which
provides a h igh-resolution, three-dimensional scan profile of the entire part.
It performs a differential measurement which, with an appropriately small
inspection volume element, not only identifies the presence of discontinuities
(such as voids, cracks, and inclusions), but also provides data about their size,
three-dimensional location and orientation.

Experimental Arrangement

] RT assembled a conceptual model of the scattering gauge to demonstrate the
capability of the photon-scattering technique.

In Figure 76 is shown in a schematic representation of a photon scatterin§ rig,
It consists of four major sub-assemblies: the CA '0 isotopic source wih shield
and collimator, the photon-scattering detector with associated shield and
collimator, the
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Figure 76: Schematic Representation Of Geometrical Arrangement Used
For The Conceptual Model. Rene' 95 Disk Was Placed In The
Location Of The Shell For The Evaluation For This Contract.
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associated electronic data acquisition instrumentation, and the mechanical
scanning device allowing inspection of the entire volume of the specimen.

Isotopic Source Assembly

Co 60 is an isotopic source widely utilized in industrial and medical applications
as a gamma-ray emitter because of a number of favorable characteristics.
Every disintegration results in the emission of two energetic gamma rays at
1170 and 1332 keV. Its half-life is relatively long at 5.24 years, resulting in
a theoretical specific activity of 818 Ci/g (curies per gram). High intensity
teletherapy sources with specific activities of up to 400 Ci/g are commercially

available (about 50% of theoretical maximum intensity).

Source Collimator

The source is surrounded by a thick lead shield in which is placed a small hole
that acts as a collimator. The efficiency of the collimator in eliminating
unwanted diffused radiation is increased by increased length of the collimator.
Since radiation passing through a given diameter hole varies as the square of the
distance of that hole from the source, collimators should be near sources.
Using similar reasoning, the part being inspected should be as close as possible
to the source collimator and the interrogating collimators should also be as close
as possible. The interrogating collimators should be numerous, small in
diameter and cover as much of the spherical envelop around the inspection
volume as practical. All of these factors should be optimized for the particular
size and shape being inspected for maximum cost effectiveness.

Photon - Scattering Detector

The photon-scattering detector consists of a Nal (TI) scintillation detector, a
collimator, and a cylindrical lead shield, as shown in Figure . All components
are arranged axial to the axis of the detector. The axis of the detector assembly

J, was placed at a 450 angle relative to the direction of the source beam for this
particular experiment.

Sample Scanning Device

The time and funds available did not permit a construction of an optimum sample
manipulator. Rather a simple saddle was constructed with provisions for rota-
tion and translation of the sample with relation to the focal point of the scat-
tering detector. Inspection involves rotation and translation of the sample so
that all volume elements pass through the focus of the system. This is to be
done rapidly and automatically. When manipulating by hand, the accuracy of
sample movement is degradated and times for inspection are sacrificed.
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Thus for the evaluation of the holes in sample S3, only the inspection of hole
#10 represented near optimum orientation of detector focus and hole location.

A total of U holes were examined on sample S3. These were numbers 1, 5, 6,
10, 12, 14, 17, 26, 29, 30 and 32.

Inspection Procedures

The response to each hole was measured by following the same basic sequence
of steps. First, the sample was placed on its side on the saddle shaped holding
fixture described earlier. Secondly, a determination was made of a suitable
angle of the sample relative to the radiation beam. Thirdly, the horizontal and
vertical positions of the sample relative to the beam and focal point were se-
lected such that the focal point fell directly at the location of the hole. Finally,
five one-minute counting periods were conducted at this location as well as at
locations to the left and right of the hole, rotating the sample on its stand.
Typically, the stepwise rotational motion was performed in steps registering
1/8 inch on the circumference of the sample.

This process was rather time consuming since it frequently involved several
trial runs to find a reasonably suitable sample orientation for the inspection of
a particular hole. This somewhat cumbersome procedure was necessary only
because the geometry of the existing Photon Scattering Gauge, which has been

4 ,tailored for a different inspection task, did not provide for efficient placement
and inspection of the sample which would have required placing the sample
either horizontally or vertically on a motor driven shaft to permit a more auto-
mated scan procedure than the one improvised for this study. As it was, the
scanning operation had to be completely conducted by hand with the experimenter
manually setting the sample for each data point.

As a result of time limitations not all holes could be scanned with the same
thorough pre-scan positioning preparations. Instead, special attention was
paid to holes 5 and 10. While a series of three measurements for hole 5 was
made to demonstrate how the technique provides unambiguous data about the
size of a hole, a special effort was expended on hole 10 to place the sample re-
lative to the beam in such a way that the focal point truly fell on the defect as
the sample was scanned, thereby maximizing the response. Therefore, only
hole 10 can be used for quantitative statements about the resolution capabilities
of the system. The remaining measurements primarily serve to demonstrate
that defects are discernible over the range of different sizes and locations.
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It should be noted that any of these positioning considerations only apply in this
special case of a feasibility study with equipment designed to address only the
basic measurement parameters and not any operational aspects. Importantly,
in a gauge designed for routine inspection of certain components, a motorized

- scan control system would conduct a full scan sequence, automatically posi-
1 tioning every volume element of the sample to the inspection point. There

would be no need for searching for the best orientation of defining the presence
- of a defect with the least number of data points, as was the case in this study.

The complete data set would automatically contain complete information, within
system resolution liunits, about any defect in the part.

Inspection Results

The inspection results are shown in Figures 77through 80. For each hole,
the response is displayed as the average number of counts per minute from the
total of five one-minute runs, as a function of the position of the focal point
relative to the hole. The data points reflect the total number of detector counts
per minute at each position of the inspection volume element, without any correc-
tion for contributions from background or secondary scattering radiations.
Even though such a correction would increase the magnitude of the fractional re-
sponse deflection due to a hole, it would not in any way improve the statistical
precision of the measured deflection. In other words, if the magnitude of the
deflection is expressed in terms of the number of standard deviations of the data
points, there is no improvement for the case of the corrected net response.

Also dis)layed with the response to each hole is a schematic representation of
the sample orientation selected for the measurement.

Studying the gauge response to each hole in some detail, it is apparent from
Figure that the presence of hole 1 is clearly discernible. The pronounced
slope in the non-defect part of the response is thought to be due to the fact that

sample S3 was not rotated in a regular manner with relation to the beam. The
resulting effect on the measurement was that the upper edge of the sample ex-
perienced a slight vertical displacement as the sample was rotated. This verti-
cal change caused a slight variation to take place in the length of travel through
the sample of the exiting beam on its way to the detector. This, in turn, resul-
ted in a change of absorption experienced by the exiting beam. The fact remains,

P however, that despite this change in sample position the hole is clearly discerni-
ble as a highly localized response deflection.
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The response to hole 5 was measured in three different places; 0. 25 inch, 0.375
inch and 0. 500 inch from the surface. As expected, there is no noticeable
difference between the first two responses since the hole clearly extends through
the inspection volume element in both cases. In the third case, however, the
response deflection is greatly reduced, indicating that the inspection point is near
the end of the hole. Since the coordinates for any inspection point are uniquely
defined with production inspection procedures, the latter measurement pinpoints
the location of the bottom of the hole. In a complete scan, in which data for the
entire sample is available, the size, direction, and location of any defect are
thus defined.

The response to hole 6 is quite pronounced. It also shows the edge deflection
effect seen in the case of hole 1.

Hole 10 provides a clear example of how well the response to the holes can be
defined if the data is taken in such a manner that the inspection point is moved
right through the hole. As stated earlier, considerable effort was expended
under the constraints imposed by the available equipment to optimize the re-
sponse to hole 10. Since hole 10 is of the same size relative to the inspection

volume element as holes I and 5, the response of the latter could be optimized
to the same magnitude of deflection.

The response to hole 12 was not optimized since it was nearly impossible to I
physically locate the sample within the geometric system confines in an appro-
priate measurement position.

The responses to the remaining holes, 14, 17, 26, 29, 30, and 32, all clearly

show the presence of the hole. They are usually also subject to the edge effect.

DISCUSSION OF RESULTS

All holes are clearly discernible in the gauge response. The smallest hole in-
spected is 14 with a clearly recognizable response deflection. It has about 1/3
the volume of 12 but was measured with a stronger response. This is further
evidence of the fact that the sample could not be properly positioned for the scan
of 12.

From a quantitative point of view the response of hole 10 is analyzed since this is j
the only response which is close to demonstrating the true potential of the tech-
nique. Hole 10 was selected on a completely random basis. There are no geo-
metric considerations favoring it over any of the other defects, except 12. The I
measured, uncorrected response of 10 shows a deflection of 2.2%, corresponding

to 15 standard deviations, comparing very favorably to the theoretical prediction
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of 5% based on the ratio of void to inspection volumes. This demonstrates that
the total response is not overly affected by background and secondary effects,
thus easily lending itself to parametric projection. It also indicates that a 0.6%
deflection would be clearly discernible as a 4-sigma deviation from the average
response. It would correspond to a hole with a 0.016 inch diameter and a
length of at least 0.125 inch. Yet hole 14 is only . 007 in diameter and yields a
solid defect indication.

If even smaller holes are to be detected the inspection vo)ume element must be

reduced in size. For example, a halving of the length, width, and height of the
inspection volume element would result in a volume reduction by a factor 8,
which translates into an increase in resolution capability by a factor 8. In other
words, continuing the discussion of the previous paragraph, a hole with half the
volume of hole 14 would require a smaller inspection volume for reliable identi-
fication.

It would be feasible to reduce the volume size of the inspection volume element
by another factor 4 to 8, increasing resolution capability by roughly the same
amount. Whether further reduction could be realized is not quite certain at
this time. A study would have to determine if secondary scattering effects did
not tend to put a practical lower limit to the amount of resolution that could be
achieved. Such an improvement in resolution would of course result in a
commensurate increase in the number of data points that describe a given
sample and, therefore, an increase in inspection time. The latter can be com-
pensated to a degree by the selection of more intense radiation sources.

The Photon Scattering Gauge results clearly indicate the power of this technique.
The defects are discernible rough). within the theoretical prediction and a
parametric projection showed that the resolution can be improved.

To further explore the feasibility of the projected resolution improvenent it is
important to consider count rates and inspection times. A detailed quantitative
parametric analysis in report INTEL-lT 6115-001, prepared under contract
DAAG46-76-C-0019 for the U.S. Army MatUrial.p and Mechanics Research Center

01 demonstrated that the feasibility demonstration unit could be projected into an
optimized gauge with a total detector improvement factor of 1.5 x 104. In other
words, the improved system would have . total combined count rate from an
improved detector arrangement which was estimated to be 1.5 x 104 higher than
the one achieved with the testbed. A further improvement of a factor 2.4, as
described in the above report, is achieved by suitable three-dimensional data
smoothing which improves the statistical significance of the data. The proprietary
discussion related to the improvement factors is given in appendix iii. In order
to provide a quantitative framework for a projection of the potential of the Photon
Scattering Gauge for the flaw inspection of IP components, it was assumed
5 - See Bibliography
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that the model underlying the referenced projection identically applies to this
case. This assumption should be reasonable since the referenced system has
been used for measurements on a HIP sample. However, the space require-
ments of the HIP samples might be quite different from those of the 105 ram pro-
jectile sample used for the referenced report.

The combined improvement factor of 2.4 x 1.5 x 104 = 3.6 x 104 means that the
total scan time of 5 minutes for the inspection of each hole would be reduced
to 8.3 milliseconds. As mentioned earlier, the size of the inspection volume
element for these measurements was 0. 002 cubic inch, resulting in an estimated
50, 000 data points for a complete scan of a T700 disk with about 100 cubic inches
of material. With a measurement time of 8.3 milliseconds per data point a
total scan time of 6.9 minutes would result.

If this hypothetical, improved system, which would have resolution characteris-
tics identical to the ones applying to the test measurements, were altered by
reducing the size of the inspection volume element by a factor 4 and keeping
all other parameters unchanged, the following measurement time projection re-
sults.

a) A reduction of the inspection volume element by a factor 4 results
in 4 times as many inspection points. The total inspection time
becomes 4 times longer.

b) In order to reduce the size of the inspection volume element, the
collimator dimensions have to be altered. This results in a total
estimated effect of a deurease of the availablecount rate by a fac-
tor 4.

The total penalty is thus a factor of 4 x 4 = 16. This means that the total in-
spection time will grow from 6.9 minutes to 1. 8 hours.

In such an optimization, use would be made of the fact that a HIP sample
similar to S3 is of rather compact size and shape. An S3 type sample could
practically be surrounded by a collimator-detector arrangement for about one
half of the available sphere of scattered photons and this half in the more for-
ward direction.

It is important to note that a system optimized for the inspection of HIP samples
would more fully utilize the source radiation than the present system by placing
one inspection station on either side of the source, rather than just on one. This
factor was not included in the above projection. In other words, in terms of the
most expensive component of a photon scattering gauge, the intense radiation

4 source, another factor of two improvement is realized. Further improvements
may well be realized if maximum advantage is taken of the geometric char-
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acteristics of HIP samples.

On the basis ol the positive results of the measurements conducted under the

subject report and the fact that a quantitative, parametric projection to an
optimized inspection system for HIP samples indicates that such a system
appears to be feasible from a technical point of view, it is recommended that
such a system be developed as a fully automated high resolution inspection
device. The photon scattering technique naturally lends itself to automation
since it routinely provides a data set in which the density of every inspection

point is uniquely correlated with its three dimensional coordiiates. Thus,
the data analysis needs to be merely concerned with a direct evaluation of the
density data and not with a sophisticated tomographic type analysis as required
for all conventional transmission type inspection techniques.
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41 RADIOGRAPHIC TOMOGRAPHY

Introduction

Radiographic tomography was evaluated as an NDE process for rotating turbine
hardware and was found to offer no promise. The process and brief experimen-
tation is described below.

The "Dynatome" System for continuous dynamic X-ray film tomography was
created by CFC Products, Inc. and is marketed through Medicom for medical
and industrial applications. While applications engineering for medical uses is
essentially complete, the engineering for industrial uses has just begun. Pri-
mary Vechnical problems being solved center around the wide range of X-ray
absorptions involved and the special high resolution sought from industrial X-ray
films. This project is a small effort to focus specific engineering studies on the
tomographic imaging of reference holes or oxide inclusions contained in thick-section Rene' 95 powder metallurgy T700 engine disks.

L. Description Of The Process

"Tomo" means "thin slice" and for X-ray film imaging purposes this refers to
a thin plane of focus or mage "slice" orthogonal to the path direction of X-ray
beam travel. * "Dynatome" dynamic tomography uses silver halide emulsion
film as the image producing medium and the geometrical/mechanical manipula-
tion of three subsystems; exposure table, film parallelogram trimmer, "and film-
sliding viewer, Figures 81, 82, and 83. The observer is able to operate the
film viewer to see the entire three-dimensional volume of the object radiographed.

The three-dimensional image effect is obtained by taking a series of X-ray expo-
sures at a number of angles as illustrated in Figure 81 . These angles are selec-
ted by the radiographer to best accomplish the image presentation on the set of
films taking into account section thicknesses, regions of interest, materials, and
absorption coefficients. The focal spot of the X-ray generator must travel para-
llel to the film plane as each angle is set (not in an arc). Two vertical markers
(dots) and a straight line marker provide the geometrical alignment information
directly in the film image of each exposure.

Each film is trimmed to a parallelogram shape in the Dynatome trimming unit,
Figure 82. The two vertical markers and the straight line are aligned with
medanical guides moved by the operator. This step establishes the proper angle

*Note: Not to be confused with "computer tomography" used in medicine where
the X-ray beam is scanned around the head, and the image produced is a sec-
tion view of the brain2parallel to the X-ray beam travel path.
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and spacing of the film cutters. Vacuum holds the film on a small pedestal
while two stages of cutter wheels trim opposing edges. The film edge angles
are proportionally related to the tubehead exposure angles, thereby building the
necessary geometrical information directly into each film.

The parallelogram shaped films, thus produced, are stacked together and placed "
between the straight vertical edge guides and movable horizontal fingers of the
Dynatome viewer, Figure 83. By moving the dial-controlled fingers left or
right, the operator can move the apparent focal plane image smoothly through the
entire volume of the object radiographed. The sequential order of each film in a
film stack is of no general consequence, and the stack is usually assembled quite
arbitrarily. Where helpful in viewing, one or more films may be removed from
the stack.

X-Ray Exposure Conditions I
Exposure conditions for industrial tomography applications thus far have been

empirically obtained by referencing all images to results on Kodak single-
emulsion R industrial X-ray film, using normal exposure procedures and film
densities. Once satisfactory conditions have been established, rule-of-thumb
ratios are used to set an appropriate exposure time for each film in a tomographic
set using lithographic film.

Images in these films result from ti interactions of X-rays, hich pass through
the engine part, with the silver halide salts in the film emulsion. Auxiliary
intensifiers such as lead foil "screens" aid in this process. The amount of X-
rays, measured in RADS, to create a given film density (darkness) is the ex-
posure, and the actual quantity is also a function of the X-ray spectrum of
energies actually hitting the film. In general, for a narrow range of exposure
conditions, the "Exposure" is expressed as follows:

Exposure - log, (milliamps * time)
or more exactly:

Exposure -- loge (radiation intensity * time)

This X-ray exposure is usually plotted versus optical density for a given film
designation and associated image development chemistry schedule.
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LEAD p = 10.7 CM -1 1 = 11.34 grams/CM3

RENE' 95 p1 = 1.465 CM - 1 1 = 8.1926 grams/CM3

using the relationship:

ld _ R95)dR9
lea IL Lead dR9

dlead = (1.465/10.7) (1.25)

dd = .171 inch

A 1/8 inch thick sheet of lead was placed over the travel line and the lower
marker. This proved satisfactory for marker imaging.

A study was conducted to learn an effective means for adjusting exposure
conditions from one shot to the next in the technique evolution process. Starter
exposures at D =.2 operate on the high slope (gamma) portion of the film curve

portion below the knee. However, the majority of gray tones occur across theknee. The distinctly different curves for industrial X-ray film further com-
plicated the analysis.

Considerable development trial-and-error effort was expended relating single
-R flm exposure times at 310KV, 10MIA foi D = 2 (Time = 8 minutes) and
MP4557 tomographic exposures at D - 0.2 processed through DuPont 42G ma-
chine chemicals at 4 inches per minute. Once this exposure time range had
been bracketed (Time = 1 to 6 minutes), the calculation of zefined time settings
was begun. First trial used the simple ratio of the gamma curve expression.

Di"= ln (Time 1I

D2  ln (Time 2)

which gave obviously long exposure times for reasonably small changes in den-
sity. The second trial used an empirical, straight-line approach where film-
base density (DO) was accounted for:

D1 - Do  Time 1

D2 - Do  Time 2

This relationship proved very satisfactory for small adjustments in optical den-
sity over the range D =0.10 to D =0.50 with the MP4557 film, whose base den-
sity was Do = 0. 06 (clear). Similar success was had with the SR-54 film, whose
base density was Do =0.16 (blue), over the image density range D =0.20 to
0.80.
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Film Considerations

CFC Products, Incorporated and Medicom have pursued the need for a water-
clear plastic film base for the purposes of medical and industrial tomography.

The medical case was solved by a special arrangement with Kodak to produce a
medical-appropriate emulsion on a 7-mil thick clear base. An industry-appro-
priate emulsion (single or double) on clear base film has not yet been accom-
plished although initial inquiries by Medicom have been made. In the interim
period, they have identified one lithographic film, single emulsion on a 7-mil
clear base, which meets the general requirements of industrial X-ray tomo-
graphy. This is Kodak MP Lithographic Film 4557. Using the companion Kodak
MP chemicals, an Exposure vs. Density curve typical for this film is presented
in Figure 84 . The sharp "knee" of the curve represents a rapid change from
clear to black with a small change in exposure (light) which is ideal for litho-
graphy. The typical curve for Kodak single R film is shown in Figure for
comparison. Note the soft "knee" or broad gray-tone range with change in ex-
posure (X-ray). The two curves are separated horizontally in proportion to
their relative "speed", with "slow" MP film being to the right (longer exposure
for equivalent black). Note that single-R is the slowest industrial X-ray film,
yet is markedly faster than MP film when both are exposed to X-rays. Most
industrial radiography uses double emulsion film to reduce exposure time and
cost (1/2).

A separate image on each film, related to the angle of X-ray beam passage
through the object is the primary data obtained. Experience has taught that 10
separate film images, provides the best balance between defect resolution and
quantity of light transferred through a stack of such films. The process works
with as few as two films and as many as 15. The average blackening or optical
Density (rh),

D log 0  T
T = T/T o

T = Incident light from film viewer box
0

T1  = Light reaching the observer's eye

on each film (Dl) in the region of interest is essentially derived from a suitable
viewing total density DT =1.5 to 3 (with best visual acuity between DT =2 to
2.5) divided by the number of films in the stack (n).

D1  = DT /n

Therefore, one individual film from a stack of 10 films, where DT = 2.5, would
exhibit a D1 = 0. 25, and appear to be considerably underexposed to the casual
observer. The additive effect of all 10 films, as they are coordinated geo-
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metrically by the Dynatome viewer, is the image of the focal plane selected by
the observer at the familiar D = 2.5.

The portion of the object thickness in focus at any given relative orientation of
the film stack is claimed to be 2 min. That portion of the object out of focus
contributes to overall graying without, (according to claims) appreciably
effecting intensity and resolution of the region in focus. Thus, if the X-ray ex-
posure is capable of 1% sensitivity and the object thickness is one inch, a con-
ventional X-ray could identify a defect . 010 inch in size. A Tomographic ex-
posure would reveal 1% of 2 mm or about . 001 inch defect. However, graying
of the film stack by those areas out of focus is almost certain to reduce capa-
bilities to some intermediate defect size.

Three phenomena are claimed to improve detection of defects. First, is the

focal plane thickness:

% Sensitivity Defect height dimension X 100 *

2 n'illimeters

where the 2 millimeters is usually much smaller than engine part section thick-
ness. Second, the lithographic film is a high contrast imaging medium which: provides a natural enhancement in each film of the set. Third, the stack of
films add in Density which further enhances defect indication contrast. The first

and third claim are closely related.

* (assuming no degradation by graying of film by out-of-material focus)

Equipment

The following equipment was used in this project for evaluation of dynamic
X-ray film tomography:

0 T700 Reference Standard Disk S-3

. Picker 310KV X-ray Generator

- Jib Crane for vertical and horizontal motion

9 Exposure table frame

* Film cassette tray and marker subsystem
(special unit supplied by Medicom) - Figure 81

" Automatic Film Processor

* Dynatome Shaper - Figure 82

0 Dynatome Viewer - Figure 83
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Procedure

The following procedure was. used to produce individual radiographs and tomo-
graphic sets: "

1. Place S 3 on cassette tray With axial holes opening to
surface toward film.

2. Adjust upper vertical marker to 4 inch.position.

3. Cover upper and lower vertical markers and edge line
with enough lead sheet to match X-ray absorption through
engine part section of interest.

4. Adjust X-ray tubehead to 0, X position. (In the Picker system J

0 scales and illuminated crosshair reference lines were
provided in the frame to establish position).

TABLE OF ANGLES USED S = o

TABLE VIII F = 40 inches

0 degrees P inches

20 14.56
16 11.47:.
12 8.50

7 4.91
2.5 1.75

-2.5 -1.75
-7 -4.91

-12 -8.50
-16 -11.47
-20 -14.56

5. Load film cassettes in total darkness for MP film (X-ray

film safelights are not suitable).

6. Perform exposures at 310 KV, 10 MA for desired time. !A

7. Process, develop, fix, rinse, dry film.

8. Place film emulsion down on shaper platform.

9. Align direction-of-travel line and two vertical-marker pinholes.

10. Apply vacuum and assure exact alignments

11. Cut film

12. Reset machine and remove parallelogram
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F 13. Repeat shaping for all films in a set

14. Asso-mble the set of films in a stack (the order of each film
4 is arbitrary).

15. Place film set in guide slots and between guide fingers
of Dynatome viewer.

16. Turn on viewer, rotate control knob, and search for
defect indications.

Results

Installation of the "Dynatome" dynamic X-Ray Tomography equipment in the
Visual NDE Systems Laboratory was completed November 24, 1975, and Medi-
com' s specifications for geometric accuracy were met using the existing X-Ray
generator and boom. Initial exposure trials established that maximum X-Ray
output (310KV, 10MA) was required to penetrate the 1-1/4 inches of Rene' 95,
and prove the adequacy of the exposure procedure. It was soon discovered that
succe ss in this project was controlled by film emulsion/development chemistry/
processor machine conditions associated with the clear-base Kodak MP litho-
graphic film (slow, high contrast using standard processing relative to Kodak
single -R X-Ray film which has a blue-tint base) recommended for Dynatome.
In-house processing proved inadequate, and outside inquiries resulted in a

4 sr ooth gratis relationship with Bell and Hortenstine, a top Cincinnati color
lithography house. In fact, their production manager recommended running the
Kodak MP film through his DuPont chemistry-processor set for broadest gray
range, resulting in lithographic film speed and gray tone behavior very close

to single -R film, giving economical 4-minute per film X-Ray exposure times,
rather than 60 minutes per film as with standard processing.

Because Medicom had never encountered film/chemistry problems, they had
never explored this avenue, and, as a result of our studies, the use of MP film
for thick-section industrial X-Ray tomography has been significantly advanced.

Once this technology barrier had been overcome, we were able to make valuable
use of Dr. Gary Cochrants expertise (President of CFC Products, Inventor,
and Consultant on this project). A total of 126 exposures were completed during
these studies. The long exposure times associated with the Rene' 95 S-3 disk, 1
to 60 minutes as compared with a few seconds in medical exposures, at much
higher energy and intensity (310KV, 10MA) caused difficulties in imaging the
upper and lower markers and travel line. To solve thds problem, linear ab-
sorption coefficient (1A) values were calculated for lead and Rene' 95 at 200
keV (peak intensity for 310KV setting on X-ray generator). These were com-
bined to calculate the equivalent thickness of lead for 1.25 inches of Rene' 95.
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The most successful ten-film tomographic set on MP4557 film was produced
with a 4 minute exposure time and the DuPont 42G processor. The cassette
was loaded emulsion side down between 5 mil (top) and 10 mil (bottom) lead
screens. Depth-position of the side-drilled holes imaged and the end position
of the axially-drilled holes imaged was readily observable, and measureable
using a drawn scale along the upper guide finger on the viewer. Table I
lists the holes observable in the 10-film tomographic set of MP4557.

The most clearly defined hole images were produced on single-R film SR54 us-
ing a 5 minute exposure and all other exposure conditions same as alove. In-
dividual-film images were purposely dark D _ 0. 8 for best hole/bar kground
contrast. Under these conditions of dark films with blue base only two or
three films could be stacked for observation on the viewer at one time. The
better contrast and additive effect of image coincidence aided in resolving hole
no. 29. The soft "knee" of SR54 film resulted in a much narrower band of "un-
dercut" blackening around the edge of the disk cylinder image, allowing holes
18 through 22 to be observed. The sharp "knee" of the lithographic film
created almost 1/4 inch width of "undercut" blackening around the disk edge, and
thereby obliterated the short (shallow depth) images of these holes.

The difficulties with MP4557 film exposure and processing emphasized the need
for an industrial X-ray emulsion on clear-base material .007 inch thick before
further evaluation of the Dynatome process could continue. Also, the basic
question of image contrast and contrast enhancement was opened, because it
was found that the hole must image on each individual film before the best
images in a tomographic set could be obtained. For a relatively simple shape
as the S 3 disk a single film offered essentially the same information as a
two-or three-film tomographic set.

CONMUSIONS AND RECOMMENDATIONS a e
: Conclusions:

1. X-ray Film Tomography provides no real advanthge for the

inspection of regular cylinders such as the T700 turbine disk.

2. Lithographic film such as Kodak MP4557 is unsatisfactory for
industrial X-ray Film Tomography applications at GE/AEG,
due to processing and exposure control.

' due t and .
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TABLE IX

DESCRIPTION OF S 3 DISK AND RESULTS OF INSPECTION

Diam. Depth Angle Observable

Hole (Mils) (mils) x * _ z (derees) 4557 SR54

1 29 500 ... ... ... (Ref.) 0 Yes Yes
2 29 500 --- 260 --- 17 Yes Yes
3 29 500 --- 375 --- 39 Yes Yes
4 30 500 --- 500 --- 60 Yes Yes
5 29 500 --- 620 --- 78 Yes Yes
6 38 100 490 .- -- 5 Yes Yes
7 31 300 490 --- 27 Yes Yes

31 500 470 --- 49 Yes Yes

9 30 700 405 --- 70 Yes Yes
10 29 890 508 --- 90 Yes Yes
11 27 25 --- 150 45 N/A N/A
12 28 50 150 78 N/A N/A
13 7 is 435 --- 109 No No
14 7 125 420 --- 130 No No
15 7 75 420 --- 153 No No
16 100 465 173 No No

17 14 200 485 198 No No
18 7 90 --- 200 --- 100 No Yes
19 7 90 --- 275 --- 121 No Yes
20 7 90 --- 450 --- 141 No Yes
21 7 90 512 163 No Yes
22 7 165 --- 615 --- 185 No Yes
23 7 100 -- --- 255 142 N/A N/A
24 7 100 --- --- 310 173 N/A N/A
25 15 100 475 --- 219 No No
26 14 290 475 . - -- 242 No No

27 14 375 475 264 No No
28 * 20 540 --- --- 286 No No
29 14 S00 490 --- 306 No Yes
30 15 500 --- 110 --- 209 Yes Yes
31 14 S00 --- 250 231 Yes Yes
32 14 550 340 --- 251 Yes Yes
33 14 500 515 276 Yes Yes
34 14 500 635 296 Yes Yes

35 15 40 . .. 339 241 N/A N/A
36 16 50 -- --- 277 274 N/A N/A

15 21
N/A- Not Attempted, Beyond exposure capacity of X-Ray Generator.

* - About 0011 inch at bottom of hole and .030 inch at surface.
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Recommendations:

1. Concentrate applications for X-ray Film Tomography on

complex-shaped, solid or hollow engine parts, e. g eastigs.

2. Combine an industrial X-ray emulsion with a 7-mil clear
base in a non-standard run in order to provide a fine-
grained controllable film for further development.
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COMPARISON OF NDE PROCESSES

Radiographic Tomography and Neutron Radiography failed to offer any promise
as an NDE process for rotating gas turbine hardware. The processes do not
denmonstrate capabilities equivalent to conventional production ultrasonics and
thus do not warrant further consideration. The inspection times are also pre-
dicted to be greater than for ultrasonic inspection. All discussion which fol-

2: lows will concentrate on the promising processes.

A modified ultrasonic method using Holosonic equipment, acoustical holography
and Compton scattering evaluation all showed promise in that equal or better
sensitivity to defects are strongly indicated. In addition, the two latter pro-
cesses are readily adaptable to fully automatic NDE and so offer cost effective
processes.

Surface Defects

Cracked samples Cl and C2 were used in this program to evaluate inspection of
surface defects. The standard production processes used today are conventional
ultrasonic inspection using the shear mode and FPI (fluorescent penetrant in-
spection) to the G.E. specifications P3TF1 and P3TF3. The cracks in the samples
were very tight which represents a problem in inspection.

,With ultrasonic inspection, a well developed production inspection procedure
includes shear wave analysis of the disk face from four directions (shear
clockwise, counter-clockwise, radial out, and radial in). Yet the sensitivity
of signal response to orientation was demonstrated with Cl in that only a
portion of the crack was revealed using normal P3TF3 standards.

The maximum signal response occurs when the plane of the crack is perpendi-
cular to the direction of ultrasonic wave propagation. As the angle between the
wave direction and direction perpendicular to the plane of the crack increases,
the signal response falls off sharply. One would normally expect a crack open to
the surface to approximate an orientation perpendicular to the surface plane of the
part, Thus a shear mode would more closely approximate the ideal perpendicu-
lar orientation. The failure to delineate the total crack by ultrasonics indicates
a very great sensitivity to orientation and questionable reliability as an NDE
process for surface defects. Use of ultrasonics for this type of defect could
lull one into a false sense of security o S to product reliability.

However, production FPI inspection also failed to reveal the total crack. It
was necessary to go to an advanced method of FPI using ultra high penetrant
solution with a hydrophilic remover and a non-aqueous developer. Thus, if
we are to assume the possible presence of such tight cracks in Rene' 95 HIP'd
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product, an improved FPI constitutes the minimum NDE process requirement.

The improved ultrasonic process using Holoson" equipment and acoustical
holography both use transducers and have some sensitivity to orientation as
described above. Experiments also revealed erratic results as typified by
Figures 61and 63 . It seems reasonable to assign the same risk factor to
these processes for surface crack evaluation as one would for conventional
ultrasonics.

Two possible processes were not evaluated. Eddy current testing was not
within the scope of this contract. Eddy current testing has been very effective
in inspecting some types of surface cracks, primarily in service hardware
with which service induced cracks occur in a predicted direction. When orien-
tation is unknown, eddy current testing suffers from similar sensitivity de-
pendency on orientation of propogating wave to the plane of the crack.

The second method not evaluated is Compton scattering. This NDE contract
was modified late in the program to include a minimal survey effort using
this scattering process. From the survey, a hole .007 inch in diameter was
readily identified using an inspection volume appromimating a 1/8" cibe. The
ratio of defect volume in this test to the inspection volume is 1/300. This
ratio is the governing factor of sensitivity for Compton scattering. It has been
projected that an inspection volume approximating a cube .05 inch on a side
can be used in a cost effective surface inspection. A tight crack with a gap of
approximately .0002 inch and effective area of .015 inch in diameter would have
a void volume to inspection volume ratio of.about 1/300 as above. Thus we
could predict a sensitivity to surface cracks which would exceed any current
process. It is noteworthy that the Compton scattering process would respond
to such a defect solely on the basis of ratio of void size to inspection volume.
Thus an inclusion or crack barely subcutaneous would be identified. Such a
defect would be missed by FPI. Yet the effect on life of such a defect at the

surface and just below the surface would be about the same. Both locations
are predicted to reduce life more than the same size defect deep within the part.
Using a similar analysis, the Compton scattering process would easily identify
a surface or subsurface oxide about . 005 nch in diameter. No other process
would even project such capability close to the surface.

In summary, there are strong arguments for using the advanced FPI system
described on page 28on Rene' 95 turbine hardware. This is predicated on
the possible existence of a tight heat treat quench crack similar to the example
in disk Cl.
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Secondly, there is good justification for pursuing the Compton scattering method
in that its predicted sensitivity would equal or better current NDE capability
for detecting internal defects. It concurrently permits inspection of finished
disks to assess presence of surface or barely subsurface defects in selected
critical zones. This projection assumes sensitivity already demonstrated and
inspection zone size linearly reduced 60% from the value used in current work.
The risk of this projection should be low.

Non Metallic Inclusions

In the process of making metal powders, there is some erosion of sprue during
the atomizing. Thus the amount of non netallic inclusions in powdered pro-
duct exceeds that commonly found in cast plus wrought product. Although most
of these inclusions are quite small, below .010 inch, two efforts are underway
to assess and improve product quality. First, techniques are being developed
to separate most non metallic particles from the powder. Secondly, work is
underway to assess the effect of various non metallic inclusion morphologies
on mechanical properties. In this latter effort, there is much difficulty in
locating small defects and assessing size by correlating indications to actual
defects. This correlation problem is inhibiting accurate evaluation of the
effect on mechanical properties.

This same correlation difficulty interferred with attempts to evaluate sensitivity
of these emerging NDE processes. Thus some of the sensitivity claims in the
following comparisons are based on available evidence and some projections.

Consider the work of intensity mode ultrasound using Holosonic equipment as
described in the section on page 53. All drilled holes, including .007 inch
X .050 inch long, were easily identified by this process. The D1 and D2
specimen revealed many defects but the gain settings required were about ten
times that used on the S series of samples. This indicates that many of the
defects must have been smaller than the drilled holes. Remember most of the

* particles had passed through a 60 mesh screen indicating a , 010 inch maximum
diameter.

In the evaluation described on page 72, strong indications were obtained on
!2 disks having no questionable indications with the conventional ultrasonic process.

When cut up evaluations were made, many .002 inch oxides were found but the
maximum size was .004 inch. The cut up techniques used should have found
larger defects if they were there. Thus, there is an indication that the NDE
process identified small defects or maybe clusters of small defects located in
an array too close to resolve. In the evaluation described on page 81, many
more indications were found by Holosonic ultrasound than were noted with con-
ventional ultrasonic inspection, thus there is strong evidence that defects smal-
ler than. 010
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to calibrate equipment and-correlate defect size us.ng a more extensive cut up

inch in size yielded bright response signals. However, more effort is required
* , to calibrate equipment and correlate defect size using a more extensive cut up '-

analysis.

This intensity mode Holosonics equipment, like the other emerging processes
requires some modifications to make it more adaptable to production inspection.
The recommended actions for this process include an increase in memory and
conversion from analog to digital information processing. This will aid in
equipment calibration in that more definitive signal response analysis will be
possible. In the following discussion, these new processes are compared
assuming the equipment modifications necessary to make them a production
process.

' Sensitivit

The sensitivity of intensity mode Holosonic ultrasound equals or exceeds the
capabilities of conventional ultrasound. As discussed in the previous paragraphs
one could claim an improvement in sensitivity, but, since difficulties have
occurred in cut up analysis, these claims must be based on evidence, not
proven fact. This same strong evidence can be applied to acoustical holography
since the same basic signal is used. The only change between the Holosonic
intensity mode and acoustical holography is that with the latter method the data
is reprocessed making more use of the phase shift information to form a holo-
gram. This reconstituted signal, using the holographic transmit mode, yields
a comparable signal for the given defect size regardless of the location of the
defect within the part. It is also less sensitive to shape and orientation. Con-
versely, conventional ultrasound will demonstrate a very great difference in -A
signal response when viewing the end of a flat bottom versus round bottom
drilled hole.

Compton scattering evaluation also indicates sensitivity equal to or better than
conventional ultrasound. All such evaluations of this process must represent
projections from very limited test data base. In the single series of tests i
made on a Rene' 95 disk with drilled holes, easy identification was made on a
.007 inch diameter hole in an inspection volume described by the intersection
of 1/8 inch diameter collimators.

This represents a ratio of defect/inspection volume of 1/300. By simple mathe-
matics, factoring all known limitations of the process, the use of a smaller
inspection volume ( . 050 inch collimators) would make it possible to reliably
inspect an inclusion .005 inch in diameter. This exceeds capabilities of con-

Xventional ultrasonics by a considerable margin. In actual practice one would
use as large a collimator system as possible to minimize inspection time. Thus4
the collimator size would be determined on the basis of the smallest acceptable
defect size.

1
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So in the following analysis, it is assumed that these three emerging NDE pro-
cesses equal and probably exceed sensitivity capability of conventional ultrasound.
The risk in using this assumption appears low in light of the evidence, however,
additional experimentation is required to fully substantiate these claims.

Now consider total product costs, assuming equal or better inspection oapa-
bilities when compared to current production ultrasonics. The base point for
comparison assumes conventional ultrasonics and an ultrasonic envelope mach-
ined to obtained good surface quality and inspected by a series of normal and
shear scans from various surfaces of the part. (Present procedure).

The intensity mode Holosonic process promises equivalent inspection with the
use of fewer scans. This assumes the elimination of shear scans. These
scans, with conventional ultrasonics, have two major values; they increase the
chance of orienting the interrogating beam to the surface of a crack-like de-
fect, and, the propagating wave length in shear is half that in the normal
(perpendicular) scan so the beam behaves somewhat like a higher frequency
signal. With conventional ultrasound equipment, 5 MHz is the approximate
limit of frequency. Thus, one might claim that the signal behaves in shear
similar to a 10 MHz signal. The higher frequency results in shorter wave
length and so better resolution. But the Holosonic equipment can operate well
above 10 MHz. Also, for HIP'd Rene? 95, any cracks would tend to be at
the surface and such defects are identified better by improved FPI or possibly
eddy current or Compton scattering methods. Thus if the equipment used can
operate at 10 MHz and orientation is not important in the absence of sub sur-
face cracks, normal scans alone could be used to interrogate the parts. This
could reduce the number of scans required by an average factor of three or more.

There is one technique that could increase sensitivity of both conventional ultra-
sound and Holosonic intensity mode ultrasound. With both processes, the
sensitivity near the depth of beam focus is better than a region in the sample
well removed from the focus. The difference in sensitivity can be approxi-
mated by comparing the ratio of defect area to beam cone slice near and well
removed from the focus. The difference can vary widely as a function of focus
size and cone angle. However, this variable suggests a value to multiple passes
gating a portion of the part depth as illustrated in Table V but also adjusting
the beam focus to the center of each slice. Although this is not a new concept,
it appears to have limited use. The most probable reason is the proliferating of
scans suggested by such a process. But, if the normal (perpendicular) scan
were used at 10 + MHz and shear scans eliminated, such an inspection process
warrants consideration.
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When considering acoustical holography, the location of the defect to the depth
of focus is of limited importance. Since the signal describing a given defect
represents the combination of responses from several transducer scan locations,
the integrated intensity from the same size defect in different locations appears
to be the same. A signal at a given scan location from a defect near the focus
may be stronger than one well removed but the number of scan locations con-
tributing to the reconstructed hologram is fewer for the defect in the proximity
of the beam focus. Thus it appears feasible to inspect a sample with acousti-
cal holography by using a single scan. This scan could have a single or multiple
transducers. The transducers could move in a radial direction while the part
rotates continuously keeping an orientation normal to the surface and maintaining
a uniform water path length. Using existing experimental transducer manipul-
ators, the inspection of a T700 disk blank in a single sweep would require about
10 minutes. This assumes completely automatic inspection. The current
equipment needs some revision to have this capability and these revisions are
given in the following recommendations. See page 146

Due to the ability to inspect near the surface, as demonstrated in the work per-
*' formed on this contract, no "inspection envelopd' is required. If we allow

normal machining tolerances of .060 inch, there appears to be no difficulty in
inspecting within this framework.

Currently a HIP'd disk is machined after the can is removed to yield a rectilinear
inspection envelope. In addition to the difficulty in inspecting near the surface,
additional problems occur at the disjunctures of the surface with present in-
spection processes. If a single scan is used, there will be an advantage to using
smooth curves joining regions of varying disk thickness. This eliminates the
disjunctures that are difficult to inspect. These smooth contours are also easier
to make with a HIP process. Thus less waste is anticipated by the reduction
of the inspection envelope to the machining envelope requirement and by using
a shape that parallels the shape most easily HIP'd. It may be possible to re-
move the processing HIP can and inspect after chemically treating the surface

,X to insure removal of can material. This would save pre-inspection machining
costs.

For the Compton-scattering process, the economics are directly related to the
speed of inspection. Also, the sensitivity is directly proportional to the in-
spection volume defined by intersecting collimators.
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Since the inspection time varies inversely as a power function of the inspection
volume, clear delineation of acceptable limits of non metallic inclusions is
necessary to avoid multiplying inspection costs needlessly. With the absence
of such a defect limit at this time, some assumptions will be made in order to
have a basis of comparing inspection costs. First consider the factors con-
trolling inspection time.

The reduction of inspection volume by using one half the diameter of collimators
is a factor of 8. Thus the scan time is increased8 times to just traverse the
volume. But, since the volume contributing to scattered radiation is reduced
by a factor of 8, the time to sense a given number of photons (a measure of
reliability) is increased by a factor of 8. So halving the diameter of
collimators increases inspection time by a factor of 64 without more subtle
considerations. Thickness of the part being inspected is also an important
factor affecting inspection namely the absorption of X-ray energy as a
function of metal thickness.

Assuming reliable inspection of a .016 inch diameter defect, the projected
time to inspect a disk the size of the T700 is about 15 minutes. Extending
this to .005 inch would increase inspection time to about 2 hours. This still
could be satisfactory since it represents an automatic process and two parts
could be inspected concurrently per radiation facility.

To summarize, again refer to Table V. It is assumed all three processes
are capable of the sensitivity of conventional ultrasound. If we assume the
current NDE is adequate, only costs are important. With such an assumption,
the elimination of shear sweeps with intensity mode Holosonic ultrasound
could reduce inspection times by a factor of 3 or more. Acoustical
holography, based on a single scan, has a predicted capability of a completely
automatic inspection of a typical T700 disk in 15 minutes. With both of these
processes, ease of interpretation is a real benefit. In addition accurate lo-
cation of defects is readily obtained and this could save scrapping a disk in
which there is a defect that would be removed by machining. With both pro-
cesses, material savings could occur by eliminating the inspection envelope.

For Compton scattering and the same requirements as above, a 15 minute auto-
matic inspection appears to be attainable. Again the inspection envelope could
be eliminated. The process is probably the least sensitive to geometry.
There is a practical limit to part thickness and this is probably less than
4 hLhes. Any part with a high percentage of the disk over 2 inches thick
may require too much time.

" :
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The comparison can take new dimensions if we assume a requirement to in-
spect reliably to a smaller size defect than is now possible with conventional
ultrasonic testing. With this assumption the-three emerging processes havemuch more promise than seems possible with conventional ultrasound.

Probably the most fascinating projected capability of the Compton scattering
process is the ability to inspect surface and near surface regions of critical
zones of rotating parts. With life extension programs being emphasized, this
offers an enticing new tool. Overhaul base inspection possibilities exist.

Future Possibilities

It appears that both acoustical holography and compton scattering have a poten-
tial place in future NDE. Acoustical holography and Compton scattering both
promise improved sensitivity, reliability and automation adaptability. Acous-
tical holography may excel for thick sections, large parts and nimple shapes.
The time to inspect would increase in proportion to the plan area. Contour
following introduce complexity in data handling. The Compton scattering would
tend to excell with more complex parts, smaller parts and inspection of sur-
face and barely subsurface portions of finished components in regions of cri-
tical stress requirements. The time to inspect is proportional to the volume
being inspected. Contour complexity introduces a minimum of programming
to handle efficiently.
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EQUIPMENT MODIFICATIONS FOR PRODUCTION CAPABILITY

This contractural work revealed the need for equipment modifications for cost
effective NDE processes. For acoustical holography and intensity mode Holo-
sonic ultrasound, the existing analog data handling does not permit definitive
signal intensity analysis. In order to have a method of relating signal strength
to defect size, a digital approach is recommended. Holosonics has developed
a digital memory bank capable of 256 X 256 X-Y location scanning with each
location capable of 64 levels of intensity and 64 levels of phase shift. This
advanced memory system is applicable to HIP'd inspection.

Rotating engine parts have circular symmetry so the scanners should be based
on a p - 0 rather than x-y grid. Attempts have been made to develop P-0 scan
approaches but the complexity in the subsequent holographic transmit mode
seems excessive. This problem has been circumvented by use of a matha-
matical conversion of x-y to p- 0 . This appears to be a solution to this prob-
lem.

For actual engine hardware, software needs to be developed to be used with
encoders to coordinate manipulator movements with the response signals and
feed into the signal processor. This software must be compatable with con-
tour following elements of the manipulator.

Finally, for the acoustical holographic mode only, a much larger process
computer is required to handle the complexity of input information, process
the Fournier wave forms and deliver output information to generate the
holograms. This would have been difficult to do even two years ago. The
quanity of data to be handled and the myriad of conversion operations that
are made require very large memory banks and extensive computer processing.
Without the recent advancements in preprogrammed subsystems and micro-
processor chips the cost of the software and hardware would be prohibitive
and there is doubt that the data could be handled within a reasonable time
frame.

For Compton scattering evaluation, the process is adaptable primarily to
automation. The early work on this concept was performed on crude labora-
tory equipment so much work is necessary to develop a cost effective system.
The requirement to inspect a very small volume at one counting sequence
almost demands automatic manipulation and data handling to permit cost
effective scanning of an entire part. Recent advancements in scintillation
counters, microprocessor chips and systems, and precision manipulators all
contribute to capabilities of designing a cost effective system. Much of the
interface software programs being developed for the acoustical holographic
systems could be applicable to the Compton scattering approach.
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However, the complicated information of the acoustical holography is reduced to
a single photon count per measuring location for the Compton scattering
approach. This greatly reduces information processing requirements.

However, there is an additional hardware problem unique to the Compton -
scattering system, The total economics of the process is governed primarily
by inspection time. The greatest contributor to a cost effective system is the
efficiency of the scattering collimator system, an area requiring equipment
deve4opment to capture the maximum percefitage of the scattered photons from
the inspection volume.

AI
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CONCLUSIONS AND RECOMMENDATIONS

o Radiographic Tomography demonstrated limited value for the aircraft en-
gine. The process is not sensitive enough for rotating hardware. If
problems are solved relative to the proper X-ray film, there may be some
value in inspecting castings. It is recommended that no additional work
be done with this process at this time.

" o Neutron Radiography was quite inadequate in sensitivity required for en-

gine hardware. Even when using penitrants designed with high capture
cross section, results were inadequate. Exposure times were excessive
indicating a high cost even if sensitivity were acceptable. A small use
is possible in identifying non-metallic rings and seals in assemblies.
However, if other uses for equipment cannot be developed, it would be
difficult to justify a facility for this application only. No additional work
with this process is recommended.

o Advanced FPI Systems - An improved FPI system was explored using an
ultra-high penetrating fluid, hydrophilic remover and non-aqueous deve-
loper. The system proved very useful in examining tight surface cracks
and is recommended for this type of defect.

0 High Gain Ultrasonics - Some high gain ultrasonic effort indicated a
possibility of improving conventional ultrasonic capabilities. Use of
such a process as an interim measure may be beneficial if improved
sensitivity is required. However, even improved ultrasonics appears to
be quite limited in sensitivity and quite inferior to some new processes
in identifying size, shape and location of defects. With the additional
promise of fully automatic, cost effective inspection with acoustical
holography and Compton scattering, it seems reasonable to consider this
at best, an interim process. Effort that could be spent on this process
could probably be better invested accellerating acoustical holography.

o Intensity Mode Holosonic Ultrasonics - This process promises immediate
improvement in defect location and sensitivity. With certain equipment
modifications (see page 146) accurate defect size assessment seems pro-
bable. However, since the same equipment, with an additional Fourier
transmit computer could yield full acoustical holography, the intensity
mode Holosonic ultrasound would also be considered an interim step. It

seems reasonable to develop acoustical holography using intensity mode
only to perfect this more advanced approach.

o Acoustical Holography - This process has great promise but much effort
is required to modify existing equipment for production capabilities of
aircraft turbine hardware. The pay off in automatic cost effective in-.
spection and improved sensitivity (if required) give adequate Justification
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for pursuing this process. Its application would be primarily in in-
spection prior to final machining. Economics would favor large parts

and relatively simple shapes. Effort is recommended to pursue equip-
ment modifications discussed on page 146.

0 Compton Scattering - This process compliments acoustical holography.
It is a new process requiring much effort to reach production capa-
bilities for aircraft turbine hardware but this effort appears to be jus-
tified. This NDE process promises equal or better sensitivity of any of

the other processes. It appears to have capabilities of inspecting fin-
ished machined surfaces and service hardware for small defects and
this is an unique capability. There is strong argument for specific
inspection of high stress regions of rotating hardware. The process

is also capable of inspecting complex shapes. Conversely, it does not

appear to be cost effective for inspecting the complete volume of large
'4j. parts or very thick parts. Additional effort is recommended to sub-

stantiate the claims which presently involve extrapolation of limited
test data.
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APPE.NDIXI

Portions of Renel 95 hot isostatically rressed powder G. E. specification
C5OTF64,

3. REQUIREMENTS

3.1 Raw-Material

3.1.1. Parts shall be produced from powder of a nickel base alloy
known as Rene'95.

3.1.2 Chemical Composition, Percent

Carbon -------------0.04-0.09 Columbium ----------3.30-3.70
Manganese ----------0.15 Ma 'x. Zirconium ----------0.03-0.07
Silicon ------------0.20 Max. Titanium -----------2.30-2.70
Sulfur ----------- 0.015 Max. Aluminum --- ------- 3.30-3.70
Phosphorus ---------0.015 Max. Boron --------------0.006"0.015
Chromium ---------- 12.00-14.00 Tungsten-.;---------- 3.30-43.70
Cobalt -------------7.00-9.0 Oxygen -------------0.010 Max.
Molybdenum ---------3.30-3.70 Nitrogen 0.005 Max.
Iron -------------- 0.50 Max. Hydrogen -----------0.001 Max.
Tantalum -----------0.20 Max. Nickel -------------Remainder

3.1.2.1 Powder from each powder lot shall meet tile carbon, hydro-.
gen, oxygen, and nitrogen limits before blending to form a powdbr
heat. It the powder heat is'to be made up by blending several powder
lots, procedures for- blending and sampling for chemical analysis shall
be as agreed upon by Purchaser and powder suppliers.A
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Appendix I (Continued) 9

?Room Temp 4atur-"
CLAS9 A CLASS B CLASS C

Tensile Strength, psi - 230,000 220,000 208,000
Yield Strength, (0.2% offset), psi 180,000 170,000 166,000
Elongation, % in 2 inch( or 4D -- 10 10 10
Reduction of Area, % 12 12, 12

1200F

CLASS A CLASS B CLASS C

Tensile Strength, psi ------------ 207,000 197,000 186,000
Yield Strength (0.2% offset), psi- 167,000 161,000 153,000
Elongation, % in 2 inches or 4D -- 8 8 8
Reduction of Area, % -------------- 10 10 10

SI UNITS

Room Temperature

CLASS A CLASS B CLASS C

Tensile Strength, MPa ------------ 1586 1517 1434
Yield Strength (0.2% offset), MPa- 1241 1172 1145
Elongation, % in 50.8 mmnor 4D --- 10 10 10
Reduction of Area, % ------------- 12 12 12

649C

CLASS A CLASS B CLASS C

i Tensile Strength, MPa ------------- 1427 1358 1282
Yield Strength (0.2% offset), MPa- 1151 1110 1055
Elongation, % in 50.8 mm or 4D --- 8 8 8
Reduction of Area, % -------- 10 10 10

3.3.1.2 The location and CLASS of the required tensile specimens

shall be as specified on the drawing.

3.3.2 Stress Rupture

3.3.2.1 Test specimens shall be tested at 1200F (648.9C) and
150,000 psi (1034 MPa) and shall meet the applicable minimum life
requirement specified below. Tests shall be continued to rupture,
and elongation after rupture, measured at room temperature, shall
be not less than three percent in 4D.

Minimum Life, Hours

CLASSES A and B: 50
CLASS C: 35
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Appendix 11

Portions of GE Specification, P3TF1 for Neltrasonic 'resting

.45:3.8 Tes.,t lP'ocet, ire,

3.8. 1 Material shall. b(. E. '-pvted by tihe immersed technique at
five megahertz frqtiealocy o aboy , except four megahelrtz frequency
may be used for sho'ar mode. Both Lh ongitulinatl. and shbar types of

, inspection shall be performjed up.1ss otherwise specified.

3.8.2 For inspection on flat surfaces, transducers shall be no
larger than . 5 inch (19.0 ,m) dijanoter. A reflector may be used for
thin sheet if desired. Shear wav, inspct ion of plate, sheet and
strip shall be porformcd in both longitudinal and transveise directions.

3.8.3 CLASS B: For diLamotvrs less than I0 inches (254 wmn),

focused trans-duce"s T shaI.L be, used. The local. zone shall not. exceed
.3 inch (8 imm) in ti, citr:umferenial direction at the point of entry
into the mat erial and shali also txl exceed one inch (25'rmm) in length

in the axial direction. A-twnnate transducer configur'ations may be
used with prior appoval of the Ptmrh-ser. Automatic equipment which
traverse.- a spiral ,iL)i is satislact.ory, hut. the following two traverses
shall be made tunless olherwise specified:

(a) With the transducer In the circumferential shear position.

(b) With tie Lransqducer in the longitudinal wave position.

"3°.8.4 Place t r' rorenco poijLat or identifyingmark on the material

s,) that any it.6irat ious found on the .Initia] inspection may )e defined
in terml. 4 of tho 'cforencC point, in the inspection reports and may be
readily located during future inspne Lions.

. . 5 CiASS B: Maximum scan spacing (or one helix) shall be no
greater th..a -1r'.eItt of the effect ive beam width.

3.9 Ct. ibrl'tom)

:;.9. I' vi eiiinwmot, has been off for more than 15 minutes, allow
tile rnan'.i £a('.Lt".." r(,commmiendcd warm-up time on equipment, or 15 minutes
whichever is grcat m't'.

3.9.2 Ca]ibralion shall be performed before and after the
G ultrasonic .i nsplv tion of each part, or at least at the beginning and

end of each work shi tt. I1 the magni tude of the indication from the
post-test v-.brattion differs 10 percent or more from the pre-test

calibratior iudicatiom, all. material inspected since the pre-test cali-
bration ,hall be yiinspected. Cal [bration may be performcd on
arti ficial de'lects cutl into the actual matetrial if that portion or the
material is later tt llnum'd and scrapped, or on material of the same
type int 1.,st blocks pr 1.:1.2 or wi(h geometry similar to the materia]
to be inspectled. Wa tIr trt.vv I shal. be recorded and shall b: in t .1111 ed
for inspection Wi lIh 1 iar tramshducors within .25 i nch (6.4 min) of that
used for calibration: waltr travel for focused transducers shall b(, as
spe ,ci f'Jd on| I'itv lipl ic'ablot scant plant.
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Appendix H (Continued)

3.9.: CLAS A: Sl tai r:,Ve

3.9.3.1 i 1111! wr. c h I ,( -- d al the n ar .
test block, *chatlime Ib'' Lratsdtivo po,; i I i on luiti I tCni albral hljoi~tefvt
deepest, from 1te Oc dohnt stuirfa . produe, a plalXilutilt i S I Imtl'( ' at

approximately ,15 degree shear wave sound path in the material. , The
magnitude of this indication shall be adjusted to 80 percent of' full
amplitude, and Ihe gain .setting recorded for comparison with pLeriodic

or post-test calibration. Each of the other calibratioh defects shall

have their signal response adjusted to 80 percent amplitude, and the

gain setting recorded. Evaluation shall be done with the gain setting
for the most applicable calibration defect, but inspection shall be

done at the highest of the above gain settings.

3.9.4 Longitudinal Wave

3.9.4.1 CLASS A: An attenuation check sliall be mad'on the

maximum thik'kness region of the material by first confirming that
sound transmission is p6ssible. If one full back reflectioi ci'hn6t be
attained in this region, calibration shall be made to'halfthiignbss
and inspection shal'l be performed from both sides. If the gain setting
is 30 percent greater than tlat'required for a similar distance in the

calibration test block, then a calibration test bldck which has similar
atttiuation shall be used or an approved attenuation correction shall
be made. Calibration settings to ,achieve 80 percent full sdale amplitude
of the above holes shall be recorded along with the magnitude of other
applicable calibration defects. For example, on cylindrical forgings, -
the hole neai'est the near surface should be set at 80 percent and the
amplitudes recorded for the indication from the holds nearer the far sur i

face. The gain set'tiifigs should be recorded. Similarly, gain settings
should be recorded to achieve 80 percent full scale as above on each of
theother applicable calibration holes at each gain setting.

3.9.4.2 CLASS 13: Holes C and E (GE di-awing 9064M16) shall be
Sused to obtain aippropriate sensitivity setting for longitudinal
JnspeCi ion. With the transducer directed normal to the surface, scan
alovg Ilhe bar axis until the transducer is directly over hole E., The
gai, shall be adjusted to achieve an 80 percent full scale amplitude.
Reco;-d this setting. Repeat this procedure for hole C. Inspection
s,.." be performed with the instrument set at the maximum of the two
gain settings recorded above. -'

3.9.5 CLASS A: Surface Wave

3.9.5.1 Whenever thickness is less than .050 inch (1.27 mm) or
whenever the geometry precludes shear inspection, calibration for surface
wave inspection shall be performed. Notches perpendicular to the surface
and of depth three percent of thickness, or .001 to .010 inch (0.03 to
0.25 mut) width not greater than .003 inch (0.08 mm) and length not to
exceed .5 inch (13 mam) shall be placed in a position not closer than

.5 inch (13 mm) of edge or other major surface deviation. Where
possible, the notches shall be placed in, the front and back surface,
unless the calibration piece is readily inverted.
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Appendix HI (Continued)

3.9.5.2 The suArface wave Eiearch unt h be ace ota h

unit shall be -tdljuste(l unt il the i idica Lion of the notch is clearly
* defined and is 80 pcl(.cnt amplitude. This .scnsitivity setting shall be

recorded. The search unit shall be moved backward until the image
disajipoars from the screen, and then forward until the image maximizes.4oi the screen. Distanice shall. be measured from some reference onl the4 search unit to thb notch so that distances may subsequently be measur~ed,
properly oin the material being inspected.

3.9.6 CLASS B: Circumfek~ntil Shear Wave
Q3.9.6.1 In shear wave calibration of bars 2.75 ifiches (69.8 mm)

in diameter and greater, test blocks shall bb 64uipped withhole~c B, ID,
and Fj to GE drawink number 9064M16. In barb; undci 2.75 inches (69.8 inn)
in 'diaffietor, hole F only may be used' to obtain thd appropriate, seft~sitivity '
settifig~ for thd circumferential. shear inspeaction. The trAisduccr may

beahgldd d'i 6ffst t6 achievo the 45-degk6e 6oun~d prb'pagation withith
the bar. Ani offset 6f 1/Oth bar 'diancter ig a good startifig Oolnt ~to

establish thle proper angle. Appropriate gain setting shall be rccorded

3.9.6*.2 Calibration cofifikiirati6ns; other thaii fla.t bottom
holes may be apparov6d I6y the Purchaser as working cinl!britioi standards
provided it can'be pkovbd that the alternate configuration establisheiiJ equal or greater seni.itivity, resolution and pefiitr6Lti6n.

3.9.7 CLASS B:_ Dynamic Calibration

3.9.7.1 The calibration defect used-lor thle specific inspection
being' performed shall be recordedl or monitored at opdrating speeds.c
This verification of dalibration -shall bed 'performed iat least every
four hours. If more Athani 10 percent change in calibration is evi'denced,
all material inspected since thd previous 'calibkAtib shall be rein-
spcctdd.

3.10 Inspection

3. 10. 1 Tosting shall be conducted so that all material in the
required zone is scanned dukin~t each type of inspection. This can beI done by itdvanding tho search unit or part no more than three-fourthsof' the minimum eff6tive'bem, diameter of the specific transducer inUse.

3.10.1.1 CLASS B: A system utilizing gate monitoring without
recording (C-scan or il-ip-chirt) shall be set so that when an indicaw,
tion other than the end of the bar activates the alarm, the system willshut down, or will alarm continuously. The sensitivity shall not be
reduced near the endi of each 'balr. The gate shall be placd between
the fron't and back recflectibns, as close to thle front reflection as
noise will allow to c'nable recording or monitoring of defects. 'In
no case inay the gate monitor less material tifan included between thle
outer diameter and the center of the bar.
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Appendix II(Contlnued)9

t3.10.2 Both shear wave and longitudinal w*.vv u]I trasonic
iflspection shall be pvrformed, except where surface wave inspctcIion

Vis 'i-idicflted in 3.9.. %!ibo ,V. ' N skih (:-as(%s,, surlace wave j nspec Lion.4 reolhees All or part. of 'tho 'sheni wave ins;pectiofl.

3.10.3 Inspect ion shall b(, pL.,rmda art compatible with
soelsitivil y anl, resollutionl require(d for thle specific mnaterial. being
inspected with such,.things as pulse reputi Lion rate,, effective beam,
diambter, lineal surface speed, c(. , being tah-ten into consideration.
Fecal distance during inspection shall be mintained equal to that

usdi teclbrto orsc aterial. 1

A.* 3.10.4 Inspection shall generally be performed At the maximum
of the calibration sensitivity settings, but eyaluation of an~ indication
shall be to the mnost appropriate calibration defect; that is, surface
wave indications shal 1 be compared to the surface caLlibration nlotch o
the proprsrae n internal indications shall be compared, to tha't
calibration hole Which thaea tae of ato the indicationo h

next'greater inha etal travel qul thato the ind.catioorth) I3.30.4.1t SA Amplitude, location, and. depth 6f all indi-
cations 10 percenT-ofT61l scale less than drawing requirement or 60
percent of full scale, whichever is smialler, shall. be recorded and

reported. The leng th of area dimvinsions of indicat tons. which are-
relatively continuous L.266 'inch (6 nm)i at magilitude OV jO percent
amplitude' of full sicleor greater Shfall be recorded.

3.1] Rejection

* 3.11.1 CLASS A: Indications which excee~d the magnai -
tulde obtained froin ihe approprViate calibration defect and any indication
of a continuouns nature (e.,continually of greater, thanl 25 percent
magnitude) which has any dimensioni over .5 inch (1 m-m) shail be causevIfor rejection. For longitudinal wave inspections oin material less than

.12 ich(3.1IF uinm) thick, reduction of the magnitude on fourth back
reflection, or fromn the reflector, to 50 percent or below shall be
cause for rejection.

CLASS 13: Unless otherwise specified, acceptable limits
shall be 60 peren off]lsa~ o a tck under 2.75 in~l~ (69.8
mm) in diameter and' 40 percent for bar stock 2.75 inches (69.8 mmn) And,
over in diameter. -Evaluation of these indications which ar' 'Within five
percent of the acceptanceb limit shall be made ini comparison to the cali-
b -ation hole of equal or ncxt greater metal travel. The appropriate
calibration hole being used for comparison shall have its indication
set at a screen ainplitud6:6f 50 percent of the full scale during the
evaluation.

3.31.2 Unacceptable indicntidn§ Whidh can bo removed withotitt
affecting the us 4ability of the material iy be resubmitted for il4tri-
sonic inispection aftdi rework.
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Appendix III

Aportioni of GE-SPecIficatlon')P3TF2
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ATTN: AMSAR-PPR-lW

1 Commander; US Army Tank-Automotive Command; Warren, MI 48090
ATTN: AMSTA-RCM. 1

12 Commander; Defense Documentation Center; Cameron Station;
Building 5; 5010 Duke Street; Alexandria, Virginia 22314

2 Hughes Helicopter; Division of Summa Corporation; ATTN:
Mr. R. E. Moore, Bldg. 314; M/S T-419; Centinella Ave &
Teale Street; Culver City, CA 90230

2 Sikorsky Aircraft Division; United Aircraft Corporation;
ATTN: Mr. Stan Silverstein; Section Supv, Manufacturing
Tech.; Stratford, Connecticut 06497
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No. of
Copies To) 2 Bell Helicopter Co.; ATTN: Mr. P. Baumgartner, Chief,

Manufacturing Technology; P.O. Box 482; Ft. Worth, Texas 76101

2 Kaman Aerospace Corp.; ATTN: Mr. A. S. Falcone, Chief of i
Materials Engineering; Bloomfield, Connecticut 06002

2 Boeing Vertol Company; ATTN: R. Pinckney, Manufacturing
Technology; Box 16858; Philadelphia, PA 19142

2 Detroit Diesel Allison Division, General Motors Corporation;ATTN: James E. Knott; General Manager; P.O. Box 894;
Indianapolis, Ind. 46206

2 General Electric Company; ATTN: Mr. H. Franzen; 10449 St.
Charles Rock Road; St. Ann, MO 63074

2 AVCO-Lycoming Corp.; ATTN: Mr. V. Strautman, Manager
Process Technology Laboratory; 550 South Main Street; Stratford,
Conn. 08497

2 United Technologies Corp.; Pratt & Whitney Aircraft Div.;
Manufacturing Research and Development; ATTN: Mr. Ray Traynor;
East Hartford, Conn. 06108
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